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The objective of this research is to document the paleoenvironment and reservoir 
characteristics of the Eagle Ford Formation in Frio County, TX, which lies in the updip, 
north-central region of the productive fairway.  This was achieved through analysis and 
interpretation of two full-diameter cores, inorganic and organic geochemical data, and 
two hundred well logs. 
Subsurface mapping revealed a homoclinal ramp structure dipping 2º to the 
southeast.  The Eagle Ford has approximately 6,000 ft of structural relief across the 
county.  Thickness mapping showed increasing subsidence (thickness) both towards 
the Maverick Basin and the Gulf of Mexico Basin.  The thickness decreases updip to the 
north where the Eagle Ford eventually crops out or pinches out.  
Core analysis revealed that there were two main lithofacies: limestone-dominated 
and marl-dominated.  An additional two depositional facies were found within the marl-
dominated units: inoceramid-rich marl and organic-rich marl.  The limestone-dominated 
units are characterized by traction current sedimentary structures and the marl-
dominated units have with suspension depositional features. 
Inorganic geochemical analysis, bulk mineralogy and elemental composition, 
were used to confirm core descriptions.  Increases in the content of reducing authigenic 
trace elements were used as a proxy for benthic redox conditions at the time of 
deposition.  Other elements were normalized to serve as proxies for grain size, 
paleoenvironment precipitation level, silica enrichment and sediment provenance. 
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Organic geochemical analysis showed that the organic material is a mixture of 
type I and type II kerogen.  The average organic content in the lower Eagle Ford across 
the productive fairway in Frio County ranges between 3 and 5 wt%.  Infrequently, 
discrete units measured up to 14 wt% in the lower Eagle Ford. 
Total organic carbon was found to have a strong relationship with bulk density 
and density porosity in both of the cored wells.  That relationship was applied to density 
porosity logs across Frio County and an average TOC contour map was created.  The 
greatest organic content is in the updip and thermally immature portions where the 
kerogen has not been cracked into hydrocarbons. 
Stratigraphic modified Lorenz plots identified three major flow units that are 
stratigraphically bound to lithofacies and correlate from well to well.  It also showed flow 
unit two, the inoceramid-rich marl facies, has the best reservoir process speed and that 
the limestone-dominated units in the lower Eagle Ford are major permeability barriers. 
The most geologically prospective area in the county for hydrocarbon charge 
appears to be in the southeast corner, where the Eagle Ford is deeply buried, distal 
from shoreline, thick, organic carbon rich, and most thermally mature.  Flow unit 
analysis suggests that the inoceramid-rich marl facies, not the organic-rich facies, may 
be the best target in the Eagle Ford for horizontal completions.  In the updip part of the 
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The 150-year old petroleum industry has undergone a paradigm shift in the last 
decade.  Low permeability, low porosity, and organic-rich shales have been proven to 
have the capability of being economic petroleum reservoirs.  A summary of where these 
plays occur in the U.S. is shown in Figure 1.1.  The shale play revolution has been a 
game changer for geologists, geophysicists, and petroleum engineers.  The Late-
Cenomanian to Turonian Eagle Ford Formation is no exception. 
 
Figure 1.1: Map of the United States shale plays in the Lower 48 states with Eagle Ford 
Play area highlighted in bright red.  Sedimentary basins are highlighted in purple.  
Current plays are highlighted in red.  Prospective future plays are highlighted in orange.  
Modified from EIA (2011). 
 2 
The Eagle Ford Formation is a carbonate mudrock in South Texas that 
unconformably lies between the Coniacian-Santonian Austin Chalk and Middle-
Cenomanian Buda Limestone (Adkins and Lozo, 1951).   The economic fairway is 
approximately 50 mi wide and extends laterally 400 mi across the Texas Gulf Coast 
region (Guo, 2012).  Eagle Ford characteristics vary rapidly across its SW-NE strike.  
For example, Eagle Ford thickness varies from 45 ft on the San Marcos Arch structural 
feature to 500 ft in Dallas County, depth ranges from surface exposure to 15,000-ft true 
vertical depth (TVD), and pressure gradients from 0.4 to 0.8 psi/ft (Centurion et al., 
2013).  Total organic carbon (TOC) varies from 2 to 9 wt% (Jarvie, 2012).  The 
mineralogy varies widely including changes in clay mineral content to variations of 
carbonate and siliciclastic material (Dawson and Almon, 2010).  These changes can 
modify the Eagle Ford Formation’s   reservoir  characteristics   from  one  well   to   the  next,  
only 0.25 mile away. 
1.1  Nomenclature 
Over the last half-century, the Eagle Ford Formation has been given a variety of 
different names and stratigraphic interpretations.  Primarily, it has been confused with 
the time-equivalent Boquillas Formation, west of the Devils River in West Texas 
(Cardona, 2012).  In 2010, Donovan and Staerker proposed that everything in South 
Texas between the Austin Chalk and Buda Limestone  be  referred  to  as  ‘Eagle  Ford’  for  
the purposes of consolidation and simplicity.  This research favors and utilizes that 
definition.  A comprehensive and detailed analysis of the stratigraphic framework is 
provided in subchapter 1.2.3. 
 3 
In 1901, R.T. Hill was first to describe the type section in Dallas County.  He 
named  the  formation  ‘Eagle  Ford’  after  the  19th century town where it crops out (Surles, 
1987).    Production  from  the  Eagle  Ford  is  described  as  ‘unconventional’  because  it  has  
traditionally poor reservoir characteristics that require special engineering procedures to 
produce.  
The Eagle Ford is sometimes referred to as the Eagle Ford Shale 
(Eaglefordshale.com,  2013).     The  term  shale   is  a  poor  description  of   the  Eagle  Ford’s  
varying lithology and facies.  The Eagle Ford is more accurately described as a 
carbonate mudstone interbedded with claystones, limestones and siltstones (Donovan 
et al., 2013). 
1.2 Geologic Overview 
The Eagle Ford is a carbonate mudstone deposit in southwest Texas that 
extends along the Gulf Coast from southwest to northeast.  It was deposited in the Late 
Cretaceous, from the Middle-Cenomanian to the end of the Turonian, and represents 
approximately nine m.y. of sedimentation (Jiang, 1989).  The Eagle Ford was deposited 
during the transgression of the Cretaceous epeiric sea in North America (Robinson, 
1997).  To the north, this body of marine water is referred to as the Western Interior 
Cretaceous Seaway (WICS).  The Greenhorn Formation in the Denver-Julesburg and 
Powder River basins is time equivalent and similar to the Eagle Ford.  Likewise, the 
Niobrara Formation, above the Greenhorn Formation, is time equivalent to the Austin 
Chalk above the Eagle Ford (Jenkyns, 2010).  Figure 1.2 displays the WICS and the 
approximate locations of the Eagle Ford trend, Denver-Julesburg basin and Powder 
River basin. 
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The Eagle Ford is comprised of claystones, limestones, marls, siltstones and 
some bentonites (Charvat and Grayson, 1981).  Different areas of the trend have widely 
varying and mappable distributions of each of these constituents (Dawson et al., 1993).  
Although lithostratigraphic and superficial Eagle Ford correlations can be made which 
stretch across the Gulf Coast, the noted variability is prevalent throughout the entire 
trend and requires thorough analysis for better understanding of the formation (Dawson 
and Almon, 2010). 
 
Figure 1.2: Paleogeographic illustration of the coastlines (brown), shelf margins (light 
blue), slopes (medium blue), and abyssal depths (dark blue) during the Late 
Cretaceous.  Estimations for the location of the Powder River basin (PR), Denver 




The main mineral constituents of the Eagle Ford are calcite, quartz, and illite.  
Minor mineral constituents include pyrite, dolomite, plagioclase, mixed-layer clay, 
chlorite, and kaolinite.  Mudstones vary from slightly to very silty and contain varying 
amounts of bentonite, carbonate, glauconite, kerogen, and phosphate.  Mudstones 
range from massive to well-laminated, and slightly to abundantly fossiliferous (Dawson, 
2000).  The argillaceous facies are interstratified with siliciclastic and bioclastic 
sandstones and siltstones (Dawson, 2000).  The degree of bioturbation varies from non-
existent to pervasive and sometimes completely overwrites sedimentary fabrics. 
Detailed sedimentological and geochemical analyses of the Eagle Ford have 
documented substantial variability in element enrichment, kerogen type, maturation, 
mineralogy and TOC content (Charvat, 1985).  Elemental and mineralogical 
compositions also vary throughout the trend (Quiren, et al. 2012).    
1.2.2 Stratigraphy 
During the time of Eagle Ford deposition, the majority of North American mid-
continent was covered by marine waters.  During flooding maxima, the sea extended 
from the Gulf of Mexico into arctic regions.  The WICS was bound on the west by the 
Cordilleran thrust belt with active volcanism and on the east by a stable North American 
craton (Kauffman, 1977).  The WICS changes to the south into a broad, stable shelf 
complex facing the open Gulf of Mexico. The Eagle Ford was deposited on the stable 
shelf between the shore and a shelf margin (Workman, 2013). 
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Variations in Eagle Ford lithology suggest dynamic sediment supply and 
paleoclimate.  WICS mudrocks, rich in preserved organic material, correspond to global 
oceanic anoxic events (OAE) and sea level changes (Gale et al., 2008).  Bentonite 
interbedded in organic-rich mudrocks suggest regional volcanism, dysoxic to anoxic 
conditions, global marine transgression and a restricted shelf environment of deposition 
(Hentz and Ruppel, 2011). 
The Cenomanian to Turonian boundary is a major OAE referred to as OAE2 
(Moran, 2012).  It is approximately located in the middle of Eagle Ford (Donovan et al., 
2013).  OAE2 is characterized around the world by deposition of organic-rich shales 
(Pessagno, 1969). 
Regionally within the Eagle Ford, upper and lower depositional units have been 
recognized (Dawson 1997, 2000; Robinson, 1997).  Lower Eagle Ford lithologies 
consist of organic-rich, calcareous, fossiliferous and pyritic marine shales, which mark 
the maximum flooding zone or the deepest water.  Some of the fauna present suggest 
the depositional environment at the sea floor sediment interface was calm and within 
the photic zone (Quirein et al., 2012).  The lower Eagle Ford depositional environment 
was low energy and dominantly anoxic/euxinic, with brief periods of oxic conditions.  
The upper Eagle Ford is identifiable by increased carbonate content, less argillaceous 
facies and high-energy features, such as ripple marks from storm-generated waves 
(Robinson, 1997).  It represents an early high stand which formed carbonate lithologies 
of foram packstones to grainstones.  The upper Eagle Ford depositional environment is 
higher energy and more oxic (Liro et al., 1993).  
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1.2.3 Stratigraphic Framework 
The Eagle Ford Formation is stratigraphically equivalent to the Boquillas 
Formation in the Maverick Basin of South Texas and the Tuscaloosa Formation in 
Louisiana and Mississippi (Surles, 1987).  The Eagle Ford is also time correlative to the 
Greenhorn shale of the WICS, the 2nd White Specks in western Canada, and various 
distinctive mudstone formations in Morocco, Venezuela, Tunisia, Nigeria, Western 
Australia and the Polish Carpathians (Jenkyns, 2010; Hallam, 1987).  
Although there have been several stratigraphic interpretations of the interval 
between the Austin Chalk and Buda Limestone, this research relies upon the 
stratigraphic framework of Donovan et al. (2013).  Figure 1.3 compares the Donovan et 
al. (2013) stratigraphic framework interpretation versus the previously published 
stratigraphic frameworks. 
Recently, BP has leased private property in Terrell County, Texas for their 
proprietary research.  BP geologists, Art Donovan and Scott Staerker, have described 
these Eagle Ford outcrops to reveal a complex, vertically heterogeneous succession of 
facies that also have horizontal variability (Cardona, 2012).  Figure 1.4 is an annotated 




Figure 1.3: Stratigraphic column of previously published stratigraphic nomenclature of 
the Eagle Ford in South Texas. This paper follows the nomenclature of Donovan et al.( 
2013). Age, gamma ray, thickness, lithology, sedimentary structures and facies are 
displayed in log tracks (Donovan et al., 2013). 
Donovan et al., 2013 
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Figure 1.4: Photograph of Eagle Ford outcrop at the BP Lozier Canyon Research site.  
Outcrop gamma ray, thickness and stratigraphic units are superimposed (Donovan et 
al., 2013). 
 
 Sequence boundary K72SB is the contact between basal Austin Chalk and top 
Eagle Ford (Figure 1.5).  In Frio County, the K72SB lies immediately above well log 
responses of a distinct gamma ray spike (90-170 API units).  However, in core, that 
contact is very challenging, if not impossible, to pick. 
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Sequence boundary K65SB divides the Eagle Ford into an Upper Eagle Ford and 
Lower Eagle Ford (Donovan et al., 2010).  Recently, the Eagle Ford has been divided 
into 4 regionally mappable members that, from youngest to oldest, are named the 
Langtry, Scott Ranch, Antonio Creek and Lozier Canyon (Donovan et al., 2013).  The 
Langtry and Scott Ranch members are contained in the Upper Eagle Ford and divided 
by the K70SB sequence boundary.  The Antonio Creek and Lozier Canyon members 
are contained in the Lower Eagle Ford and divided by the K64SB sequence boundary. 
 Sequence boundary K63SB is the contact between the base of the Eagle Ford 
and top of the Buda Limestone.  In Frio County, K63SB is marked on logs as a drastic 
reduction in gamma ray count from 140 to 15 API units.  In core, this contact is relatively 
easy to pick. 
 Donovan and Staerker (2010) divided the total Eagle Ford section into five 
lithofacies based on lithology.  These are somewhat independent of sequence 
stratigraphic boundaries.  Facies E consists of thin-bedded limestones interbedded with 
calcareous mudstones.  Facies D consists of echinoid-bearing marls and nodular 
limestones.  Facies C consists of thick-bedded limestones interbedded with calcareous 
marls.  Facies B consists of organic-rich marls interbedded with limestones.  Facies A 
consists of cross-laminated limestones with thin calcareous marls (Donovan et al., 
2013). 
 Commonly conventional logging tools, such as the gamma ray, resistivity, sonic 
and density do not delineate stratigraphic boundaries in the Eagle Ford.  Subjecting the 
Eagle Ford to elemental and organic analysis reveals a much more detailed 
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stratigraphic section. Figures 1.5 and 1.6 show the geochemical signatures of each 
Eagle Ford members and lithofacies. 
 
Figure 1.5: Petrophysical and geochemical data from a well in Webb County, Texas.  
Age, lithostratigraphy, petrophysical, geochemical and sequence stratigraphy are 
displayed in well log tracks.  Note the Cenomanian-Turonian contact, OAE2 in the 
lowest portion of the Upper Eagle Ford. (Donovan et al., 2013). 
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Figure 1.6: Lithologic and geochemical variations in the Eagle Ford stratigraphic 
framework at the Scott Ranch Site in Lozier Canyon.  Age, thickness, lithostratigraphy, 
gamma ray, spectral gamma ray, TOC, carbonate composition, hydrogen index (HI) and 
G13C, and sequence stratigraphy are displayed in log tracks (Donovan et al., 2013). 
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The lower Eagle Ford contains higher amounts of thorium and uranium than the 
upper Eagle Ford.  The upper Eagle Ford contains higher amounts of carbonate than 
the lower Eagle Ford (Donovan et al., 2013).  These trends show that the lower Eagle 
Ford is more argillaceous and organic rich, while the upper Eagle Ford is more of a true 
carbonate factory.  The thorium and uranium trends suggest that the organic-rich lower 
Eagle Ford was indeed deposited in a more anoxic water column than the upper Eagle 
Ford. 
Facies B has the highest organic content and, to date has been the primary 
horizontal drill target for operators in the Eagle Ford play (Donovan et al., 2013).  The 
higher organic content is attributed to the preservation of planktonic paleofauna in 
anoxic to euxinic conditions (Lock and Preschier, 2006).  Facies B was first recognized 
as a mudstone reservoir within the Eagle Ford by Lock et al. in 2010.  Noted features 
include the low clay mineral content, high carbonate content, interbedded marlstones, 
argillaceous limy mudstones and recrystallized limestones. 
1.2.4 Regional Structural Setting 
The Eagle Ford thickness and lateral extent was controlled by tectonic events, 
structural features and pre-existing platform carbonates (Treadgold, 2011; Ewing, 
2003).  The Maverick Basin originated from basement structures developed during the 
failed Rio Grande rift (Galloway, 2008; Scott, 2003).  Active salt withdrawal during the 
Jurassic Period led to prolonged accommodation development and deposition within the 
Maverick Basin (Salvador, 1991).  The San Marcos Arch is the southeastern extension 
of the Paleozoic Llano Uplift.  It was a topographic high that separated the Maverick 
Basin and Rio Grande Embayment in the south from the Houston Embayment in the 
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north (Ewing, 2003).  Figure 1.7 schematically depicts the relationship between the San 
Marcos Arch and Cretaceous lithostratigraphic units. 
 
Figure 1.7: Southwest to northeast schematic strike cross section illustrating regional 
thickness and lithostratigraphic changes along the Eagle Ford trend.  Modified from 
(Hentz and Ruppel, 2010). 
 
The planed off Ouachita basement provided stability for carbonate platforms to 
develop (e.g. the Stuart City and Sligo reef margins) as the Gulf of Mexico basin began 
to subside (Goldhammer and Johnson, 2001).  Fault systems, including the Fashing 
Fault Zone, Charlotte Fault Zone, Luling Fault Zone and the shallow Balcones Fault 
Zone were all active during Eagle Ford deposition.  Some of these growth faults 
produced local Eagle Ford thickness anomalies (Corbett, 2010).  Following the end of 
Eagle Ford deposition, these structural features continued to create thickness variations 
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in younger Late Cretaceous units (Donovan and Staerker, 2010).  Figure 1.8 displays 
the locations of structural features that influenced the deposition of the Eagle Ford. 
 
Figure 1.8: Western Gulf Coast map of the structural, tectonic and preexisting platform 
influences on Eagle Ford deposition.  Study area outlined in red.  Modified from (Phelps, 
2011). 
 
1.2.5 Petroleum System 
The unconventional Eagle Ford petroleum play in southwest Texas began in 
2008 (Texas Railroad Commission, 2013).  However, since the mid-20th century, the 
Eagle Ford has been known as the source rock for the Austin Chalk, Buda, and other 
reservoirs in the Texas Gulf Coast region (Robinson, 1997).  More recently, thousands 
of Eagle Ford wells have been drilled, and the play has the potential to become the 
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largest  US  onshore  discovery  to  date.    Figure  1.9  illustrates  the  Eagle  Ford’s  rapid  and  
exponential oil production growth since 2008.  
 
Figure 1.9:  Histogram of Eagle Ford annual oil production growth in average Barrels of 
Oil Per Day (BOPD) (Texas Railroad Commission, 2013). 
 
The Eagle Ford is a self-sourced petroleum system consisting of interstratified 
source, seal and reservoir units.  Currently, the productive Eagle Ford fairway extends 
from the Mexican border (Webb and Maverick counties) to Brazos County in the NE and 
covers approximately 20,000 square miles (Hentz and Ruppel, 2011).   
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The Eagle Ford is an inverted petroleum system.  In conventional reservoirs, 
petroleum and water are stratified by their respective densities; e.g. gas on top of oil on 
top of water.  The Eagle Ford is the opposite because its capillary pressure is too high 
for hydrocarbons to flow through the reservoir and stratify.  There are three main areas 
of production (EIA, 2011).  The northern part of the economic reservoir is within the oil 
window.  This portion of the Eagle Ford has high volumes of oil, but lower pressure than 
its downdip counterparts (Centurion et al., 2013).  The system contains water updip 
from the oil window and some conventional traps.  The middle part is the wet gas or 
condensate window.  The deepest part, further south, is within the dry gas window.  
These three hydrocarbon phase boundaries are mostly parallel to strike.  Both the 
hydrocarbon phases and boundaries directly relate to thermal maturation (Martin et al., 
2011).  Figure 1.10, on the following page, displays the hydrocarbon phase areas and 




Figure 1.10:  GOR regions of the Eagle Ford play.  Green represents the oil window at 
0-1,000 SCF/STB, orange represents the condensate window at 1,000-15,000 
SCF/STB, and red represents the gas window at >15,000 SCF/STB.  Modified from 
(Centurion et al., 2013). 
 
The ºAPI gravity of the oil produced from the Eagle Ford also varies along dip.  
Lower gravity oil is produced from shallower parts of the play, e.g. Zavala, Frio and 
Atascosa counties.  Higher gravity oil is produced from the deeper parts of the play, e.g. 
Webb, La Salle and McMullen counties. There is also a variation in oil gravity along 
strike from 20 to 64 ºAPI.  Figure 1.11 displays the variations in ºAPI gravity of oils 
produced from the Eagle Ford. 
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Figure 1.11: ºAPI gravity regions of the Eagle Ford play with Gas Oil Ratio (GOR) 
contours from previous figure in red.  Cold colors, such as purple and blue, represent 
low ºAPI gravity oil and warm colors, such as orange and yellow, represent high ºAPI 
gravity oil.  Modified from (Centurion et al., 2013). 
 
The Eagle Ford is currently a hotbed of drilling activity for a variety of reasons.  It 
has a well-defined oil window, positive history of vertical well production, Haynesville 
scale permeability (100-800nd), large original oil in place (OOIP averaging 45 
MMboe/640ac) and is in close proximity to pipeline sales infrastructure (Mullen et al., 
2010).  Figure 1.12 displays a general overview of the Eagle Ford petroleum system 
attributes and areas of industrial activity. 
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Figure 1.12: Eagle Ford hydrocarbon phase map.  Wells producing oil and gas from the 
Eagle Ford are shown in green and red, respectively.  Oil-, condensate-, and gas- 
phases in green, orange and red, respectively.  Subsea depth structural contours on the 
top of the Eagle Ford in black.  Eagle Ford and Austin chalk outcrops are displayed in 
black.  Modified from (Altman et al., 2012). 
 
1.3 Industrial Activity 
There were three important factors that initiated the Eagle Ford play and made it 
an economically viable drill target.  The first was horizontal drilling, which made it 
possible for wells to access up to 10,000 ft of Eagle Ford reservoir.  Vertical wells limit 
well bore access to the Eagle Ford reservoir to a few hundred feet.  The second was 
multistage hydraulic fracturing which enhances   the   Eagle   Ford   reservoir’s   fracture  
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permeability.  The in situ matrix permeability of the Eagle Ford is too low for economic 
production rates.  The third was high gas prices in 2007 that encouraged shale 
exploration throughout the United States (Martin, 2011). 
Lewis Energy claims to have drilled the first Eagle Ford well in 2002, but most 
literature credits Petrohawk Energy for first testing the play in 2008 (Treadgold, 2011).  
In  late  2008,  Petrohawk  Energy  drilled  four  ‘modern’  exploratory  Eagle  Ford  wells in La 
Salle County within the more mature gas window.  The first completions in the play were 
copies of Barnett Shale slick water treatments (Rickman et al., 2008).  Because the 
reservoir characteristics of the Barnett Shale are very different than those of the Eagle 
Ford, the success rates of these early completions varied widely (Pope, 2012). 
On average, Eagle Ford wells cost $6 million and their average EUR is 400 
MBOE/well in the oil window (6 % recovery). The condensate and gas windows average 
EUR/well is 5.5 BCFG equivalent.  Currently, Eagle Ford wells are drilled on 120 and 
160 acre spacing in all three phase windows (Fan et al., 2011). 
Compared to other shale plays across the nation, the Eagle Ford is currently in 
late exploration stages.  To date, approximately 3,500 horizontal wells have been 
completed in the Eagle Ford (Texas Railroad Commission, 2012).  There are 
approximately 8,000 permits and at least 10,000 proven locations waiting to be 
permitted (Figure 1.13).  The Eagle Ford guarantees that the oil and gas industry in 
South Texas will continue to be active for the next several decades.  Theoretically, there 
may be at least 80,000 wells drilled into the Eagle Ford before it is all over. 
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Figure 1.13: Map of permitted and completed wells in the Eagle Ford play.  Active 
Eagle Ford counties are highlighted in light blue.  Eagle Ford permits are blue, oil wells 
green and gas wells red.  Study area outlined in red.  Modified from (Texas Railroad 
Commission, 2013).  
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Geographically, the Eagle Ford is in a geophysical data-rich region.  Over the last 
50 years, the Texas Gulf Coast has been heavily surveyed by wireline logging, 
magnetic surveys and seismic.  In addition to the vast subsurface data quantities, the 
Eagle Ford also crops out in high quality exposures along Highway 90, northwest of Del 
Rio (Cardona, 2012).  Lozier Canyon in Terrell County is regarded as the best Eagle 
Ford outcrop.  At that site, a complete Eagle Ford section is present and reasonably 
well preserved (Donovan et al., 2013). 
In the last five years, technological advances in horizontal drilling and multistage 
hydraulic fracture stimulations have created a surplus of natural gas in the United States 
(Bazan, 2010).  This surplus has reduced gas prices to the point of uneconomic 
extraction from horizontal completions in many areas.  Most of the shale-gas plays, 
such as the Barnett and Haynesville, have ceased developmental activity (Martin, 
2011).  However, shale oil plays, such as the Bakken and Eagle Ford, are still thriving 
due to the continued high oil prices (Stegent, 2010). 
1.4  Previous Work 
The first Eagle Ford publications came out in the late 1920s (Stephenson, 1929).  
The Eagle Ford was documented only in relation to unconformities regarding the 
Woodbine Sandstone of the East Texas Field (Adams and Carr, 2010).  Through the 
1970s, several papers attempted to document the stratigraphy of the Eagle Ford.  Each 
paper had its own terminology for the Eagle Ford in different basins and localities.  More 
recently, Donovan and Staeker (2012) at BP have comprehensively evaluated each 
study, compared to outcrops in Del Rio, and proposed their own stratigraphic 
framework.  Contrary to traditional thought: that shales are simple, pervasive, and fine-
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grained rocks, their work has revealed the Eagle Ford to be a complex and vertically 
heterogeneous succession of facies. 
The Eagle Ford has long been widely recognized as a world-class source rock 
that had sufficiently charged the Woodbine Sandstone in the East Texas Oil Field and 
the Austin Chalk in the Rio Grande Embayment (Dawson and Almon, 1999).  However, 
since Petrohawk initiated the South Texas shale oil boom in 2008, the volume of 
academic literature regarding the Eagle Ford has vastly increased (Gilmer, 2012). 
1.5 Study Area 
 The study area for this research project is Frio County, Texas.  Frio County is 
currently undergoing a low level of development for the Eagle Ford (Figure 1.13).  As of 
February, 2014, there are approximately 5 rigs drilling the Eagle Ford in Frio County.  
Counties regarded to contain premium Eagle Ford conditions such as De Witt, Dimmit, 
Gonzales, Karnes, La Salle, McMullen, and Webb each have approximately 27 rigs 
actively drilling Eagle Ford (www.eaglefordshale.com, 2013). 
Data used in this study includes 131 wells with wireline logs in raster image 
format and 88 wells with wireline logs in digital .las format.  There was overlap between 
wells with raster and digital formatting.  In total, 203 wells with wireline logs were utilized 
in this research.  Horizontal wells were excluded as they generally contain exaggerated 
or incomplete vertical sections.  Two wells with Eagle Ford core data were utilized in 
this project.  One of the cores underwent X-ray diffraction (XRD) and X-ray fluorescence 
(XRF) analysis.  Both cores had Rock-Eval pyrolysis and LECO TOC analysis 
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performed at 10-ft intervals.  Figure 1.14 displays the locations of project data within 
Frio County, Texas. 
 
Figure 1.14:  Display map showing the project data and study area.  The outline of the 
study area is the border of Frio County, TX, highlighted in black.  Wells with digital 
wireline logs are highlighted in red circles and wells with raster wireline logs are 
highlighted in green circles.  Wells with cores are highlighted in red diamonds.  The 




 The objective of this research is to derive information regarding the 
paleoenvironment of Eagle Ford deposition in the updip, north-central region of the 
fairway in Frio County, TX.  This will be achieved through analysis and interpretation of 
subsurface mapping, drill core, geochemistry, and petrophysics.  The interpretations of 
this data should benefit the petroleum industry by providing implications for broad-scale 
reservoir characterization. 
1.7 Methods 
 The first step of this project was to build an IHS Petra® project.  This software 
served   as   the   research   project’s   storage,   manipulation   and   portrayal   of   subsurface 
geologic data.  IHS Petra® was used to correlate well logs, generate cross sections, 
and contour data.  Structure and thickness data was calculated, hand contoured, geo-
referenced  and   digitized   in   IHS  Petra®.     Microsoft  Excel™  was  used   in   the   research  
project for petrophysical calculations. 
 Stratigraphic tops were picked from the correlation of well logs, core descriptions, 
and geochemical data.  Eagle Ford reservoir geometry and orientation was mapped 
using measurements of gamma ray, resistivity, porosity and petrophysical calculations 
from 203 wells.  
 Core analyses was performed at Core Lab in Houston, Texas.  Full diameter 
slabbed cores were viewed under black and white light.  Mineralogy was analyzed by 
XRD of core and elemental composition was measured from XRF of core.  Both 
analyses were used to interpret paleoenvironmental conditions.  Pyrolysis data was 
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obtained by analyzing core samples in a source rock analyzer, and TOC content was 
quantified with a LECO® carbon analyzer.  S1, S2, S3 peaks, Tmax and derived 
indexes were used to calculate thermal maturity and kerogen type.    All raw 
geochemical data from the two cores were donated to this research project by EF 
Energy, LLC.  The instrument model name used to obtain the geochemical data is 
unknown.  This research project utilized two petrophysical procedures, TOC 
calculations from density logs and the Gunter Method of flow unit characterization.  
Measured TOC data was used to calibrate well log-derived TOC models.  Log-derived 
TOC was then used as a diagnostic tool on 13 well logs.  Then the porosity and 
permeability logs were normalized and plotted against each other in stratigraphic 
modified Lorenz plots to identify and characterize reservoir flow units. 
 This thesis is structured in the following order: data, discussion, and then 
conclusion.  Chapters two through five are strictly data chapters.  They are void of 
interpretation.  Chapter six contains all of the discussion and interpretation.  There are 
two functions for this structure: (1) to not mix data and interpretation and (2) to interpret 
all of the data simultaneously.  The goal of this structure is to avoid premature 








 Structure and isopach maps were constructed for the total Eagle Ford and also 
the upper and lower Eagle Ford units.  All subsurface contouring was done by hand, 
then digitized in IHS Petra®, and finally plotted over well data.  Dip-section and strike-
section stratigraphic cross sections were made across Frio County to further clarify 
thickness and lithology changes. 
Fault mapping was excluded from the subsurface mapping in this project.  Faults, 
derived from the Atascosa Trough, Balcones Fault System and Pearsall Arch, were not 
observable by wireline log analysis.  However, they can be identified with 3D seismic 
(Rose, 1972). 
2.1 Structure Maps 
The subsea depth to the top of the Eagle Ford in Frio County varies from less 
than -2,500 ft towards the north to greater than -8,000 ft towards the southeast.  Figure 
2.1 is a subsea structure contour on the top of the Eagle Ford in Frio County, TX.  The 
dip direction ranges from S30ºW to S60ºE, but averages S17ºE.  The Eagle Ford dip in 
Frio County, TX is more consistent than its strike.  The dip ranges from 1.75° to 1.95°, 
and averges 1.80°.  On smaller, non-county level scales, local strikes and dips can vary 
outside of these ranges.  In summary, the structure is a rather uniform homoclinal ramp 
dipping very gently to the SSE. 
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Figre 2.1: Subsea structure map of Top Eagle Ford in Frio County, TX with contours 
ranging from -2,500 to -8,000 ft subsea level.  The contour interval is 500 ft.  Well 
symbol is uniform and does not reflect well type. 
 
2.2 Isopach Maps 
 Isopach thickness maps were created for the total Eagle Ford, Upper Eagle Ford 
and Lower Eagle Ford.  The thickness of the total Eagle Ford varies from less than 75 ft 
in the north-northeast region of Frio County to greater than 225 ft in the west-southwest 
region (Figure 2.2).  The total Eagle Ford thickness in Frio County shows a consistent 
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trend of thickening towards the south and southwest.  However, there is an anomalously 
thin area in the south-central region of the county. 
 
Figure 2.2: Isopach of total Eagle Ford thickness in Frio County, TX with contours 
ranging from 75 to 225 ft.  The contour interval is 25 ft.  Well symbol is uniform and 
does not reflect well type. 
 
 The Upper Eagle Ford thickness contours are nearly an exact reflection of those 
for the total Eagle Ford, except that the values are of course different (Figure 2.3).  The 
thickness of the Upper Eagle Ford varies from less than 20 ft in the north-northeast 
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region of Frio County, TX to greater than 120 ft in the west-southwest region.  The same 
thickness anomaly seen in the total Eagle Ford isopach is present in the Upper Eagle 
Ford isopach. 
 
Figure 2.3: Isopach of Upper Eagle Ford thickness in Frio County, TX with contours 
ranging from 20 to 120 ft.  The contour interval is 20 ft.  Well symbol is uniform and 
does not reflect well type. 
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The Lower Eagle Ford isopach is different than the total Eagle Ford and Upper 
Eagle Ford isopachs (Figure 2.4).  The thickness of the Lower Eagle Ford varies from 
less than 60 ft in northern Frio County, TX to greater than 120 ft in the southwest 
corner.  The thickness increase rate is greatest in southwest Frio County, TX. 
 
Figure 2.4: Isopach of Lower Eagle Ford thickness in Frio County, TX with contours 
ranging from 60 to 120 ft.  The contour interval is 20 ft.  Well symbol is uniform and 
does not reflect well type. 
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2.3 Stratigraphic Cross Sections 
A strike-trending stratigraphic cross section, hung on the base of the Austin 
Chalk, shows that the total Eagle Ford thickness decreases towards the northeast 
(Figure 2.5).  It also reveals that the Lower Eagle Ford has a more consistent thickness 
than the Upper Eagle Ford along strike.  The Upper Eagle Ford is four times thicker in 
western Frio County than on the eastern edge.  The Lower Eagle Ford thickness also 
increases towards the west, but it is less than one and a half times thicker in western 
Frio County than on the eastern edge. 
A dip-trending stratigraphic cross section, hung flat on the base Austin Chalk, 
shows that the Total Eagle Ford thickens downdip to the south (Figure 2.6).  It also 
reveals that the Upper Eagle Ford is relatively consistent in thickness.  However, the 
thickness of the Lower Eagle Ford consistently increases from well to well to the south.  
The thickness relationships downdip are similar to the thickness relationships across 
strike.  The Upper Eagle Ford is approximately three times thicker down section than in 
northern Frio County.  The Lower Eagle Ford is approximately two times thicker down 
structure than in northern Frio County.  Both, the strike and dip, cross sections show 




Figure 2.5: Stratigraphic strike cross section across Frio County, TX from west to east.  
Datum is hung on the top of the Eagle Ford.  Gamma Ray (GR) shown in track 1 with 
green shading the cutoff of 80 API units.  Bulk density (RHOB) is displayed in track 2 
with red shading of DPHI porosity cutoff of 10 %.  The location of the cross-section is 
shown in the inset (lower right). 
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Figure 2.6: Stratigraphic dip cross section across Frio County, TX from north to south.  
Datum is hung flat on the top of the Eagle Ford.  Gamma ray is displayed green in track 
1 with cutoff of 80 API units.  RHOB porosity is displayed red in track 2 with cutoff of 10 




 Two cores from the Johnston #1 and Kothmann #3 wells in southeastern Frio 
County were analyzed in this project (Figure 1.14).  Both wells cored vertical pilot holes 
through the Eagle Ford, logged the vertical section, plugged back and then kicked off to 
drill horizontally through the Lower Eagle Ford.  The cored depths are highlighted in 
yellow to the left of each well log in Figure 3.1.  Table 3.1 shows the facies that were 
identified by a sedimentological analysis of the two cores. 
 
Figure 3.1: Stratigraphic cross section of the two cored wells used in this research 
project.  The cored intervals are highlighted in yellow to the left of each well log.  
Gamma Ray is in track 1, left of the depth track, and is shaded green above 80 API 
units.  Resistivity logs are plotted in track 2, right of the depth track.  DPHI log is plotted 




Table 3.1:  Table of facies picked during the analysis of Johnston #1 and Kothmann #3 drill cores.  Facies are numbered 
1 through 4. 
 
Facies No. Facies Name Description 
1 Limestone interbedded 
with gray marls 
Light to medium dark gray, laminated to massive, skeletal, foram, wackestone 
to packstone limestones interbedded with medium to dark gray, laminated, 
calcareous marls. 
2 Gray marl interbedded 
with limestones 
Dark gray to grayish black, faintly laminated to massive marl interbedded with 
thin, foram wackestone to packstone limestones. 
3 Inoceramid-rich marl 
interbedded with 
limestones 
Dark gray to grayish black, faintly planar laminated, inoceramid-rich marl 
interbedded with gray, massive to sparsely laminated, foram packstones. 
4 Organic-rich marl Dark gray to black, faintly laminated marl sparsely interbedded with medium 
gray, massive to planar laminated foram packstones.  Fractures are common 
and bioturbation is minimal. 
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3.2 Johnston #1 Drill Core 
The Johnson #1 is 10.5 mi updip from the Kothmann #3 and has a thinner Eagle 
Ford section.  In the Johnson #1, the Eagle Ford is 111 ft thick.  The 149 ft of full 
diameter drill core includes 14 ft of the overlying Austin Chalk and 24 ft of the underlying 
Buda Limestone.  A vertical section of this Eagle Ford core, from the Austin Chalk – 
Eagle Ford contact to the Eagle Ford – Buda Limestone contact is displayed in Figure 
3.2 on the following page.  The following are the facies identified in this core. 
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Figure 3.2: Johnson #1 drill core description sheet.  Cored interval is highlighted in 
yellow.  Gamma Ray is plotted left of depth track and scaled 0 to 200 API units.  A 
Gamma Ray cut off of 80 API Units was used to highlight the Lower Eagle Ford.  A 
grain size profile is plotted left of the depth track.  It ranges from clay sized to medium 
grained and includes sedimentary features.  Facies profile is plotted to the right of the 
grain size profile. 
 40 
Limestone interbedded with gray marls 
(5,871 - 5,897 ft core depth) – Twenty-six feet of 
medium gray, massive, heavily bioturbated, foram 
packstones interbedded with medium- to dark-gray, 
faintly-laminated, slabby marls.  Scour surfaces, soft 
sediment deformation, phosphatic grains, and shell 
lags are present.  Inoceramids are found in the darker, 
marl interbeds towards the top of this interval.  
Bentonite beds, in the limestone members, are thick 
(1-2 in) and reworked.  However, the bentonite beds, 
in the marl members, are thin (0.2 in) and planar.  A 
representative sample is displayed in Figure 3.2. 
The Austin Chalk – Eagle Ford contact, at core 
depth 5,871 ft, is difficult to distinguish because the 
contact is transitional.  The contact is somewhat planar in this well and markedly lies 
beneath a reworked bentonite bed, bioturbated limestone and immediately below a 
fossiliferous lag deposit in the Austin Chalk.  The contact lies immediately above a gray, 
faintly laminated, slabby marl. 
 
Figure 3.3: Representative 
sample from Johnston #1 
core depth 5871-5897 ft. 
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Gray marl interbedded with limestones (5,897 
- 5,900 ft core depth) - Three feet of medium- to dark-
gray, faintly- to finely-planar laminated, slabby marls 
interbedded by one 4 in, massive wackestone.  There is 
one large, 2 in, bentonite bed at 5,899 ft core depth that 
appears slightly reworked.  Bioturbation is minimal and 
only present towards the very base of this interval.  A 




Limestone interbedded with gray marls 
(5,900 - 5,906 ft core depth) - Six feet of light- to 
medium-gray, slabby or bioturbated, foram wackestone 
to packstone with minor amounts of interbedded, dark-
gray, and faintly-laminated marls.  One 0.5 in layer of 
reworked bentonite is present in the middle of this 
interval.  Some carbonate concretions are present in 
the non-bioturbated limestone constituents.  A 
representative sample is displayed in Figure 3.4. 
 
Figure 3.4: Representative 
sample from Johnston #1 
core depth 5,897-5,900 ft. 
Figure 3.5: Representative 
sample from Johnston #1 
core depth 5,900-5,906 ft. 
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Inoceramid-rich marl interbedded with 
limestones (5,906 - 5,930 ft core depth) – Twenty-
four feet of dark-gray to grayish-black, faintly planar 
laminated marls.  Thin beds of medium gray, massive 
to sparsely laminated, foram packstones occur 
sparsely.  Limestone beds in this interval have sharp 
upper and lower contacts.  Inoceramid shell fragments 
are very common in the thick marl constituents and 
absent in the limestones.  Phosphate grains occur 
sparsely.  Thin, olive-green bentonite beds are common 
throughout this interval and range from 0.5 to 2 in.  A 
representative sample is displayed in Figure 3.5. 
Limestone interbedded with gray marls (5,930 
- 5,937 ft core depth) - Seven feet of medium-gray, 
massive to laminated, foram packstones with abundant 
intraclasts, soft-sediment deformation structures, and 
skeletal lags are present locally.  Some dark-gray, 
laminated marl beds are present, but contain less 
inoceramids than the previous interval.  Phosphatic 
grains are moderately common throughout this interval.  
A representative sample is displayed in Figure 3.6. 
Figure 3.6: Representative 
sample from Johnston #1 
core depth 5,906-5,930 ft 
Figure 3.7: Representative 
sample from Johnston #1 
core depth 5,930-5,937 ft. 
 43 
Organic-rich marl (5,937 – 5968 ft core 
depth) – Thirty-one feet of dark-gray to grayish-black, 
horizontally laminated marls sparsely interbedded with 
medium gray, massive- to planar-laminated, foram 
packstones.  Scour surfaces and molluscan shell 
fragment lags with phosphatic grains are commonly 
present in the skeletal lags.  Lenticular laminae, ripple 
beds and soft-sediment deformation structures occur 
locally.  Thin, olive-green bentonite beds occur 
frequently in this interval.  Inclined to vertical fractures, 
lined with solid bitumen and calcite occur near the top 
of this interval.  A representative sample is displayed in 
Figure 3.7. 
Gray marl interbedded with limestones 
(5,968 - 5,974 ft core depth) – Six feet of dark gray to 
grayish black, massive- to faintly-laminated marl 
interbedded with thin, foram packstones.  Faint and 
planar laminations are more prevalent towards the top 
of this interval.  Some local soft sediment deformation 
is present.  Bioturbation and skeletal fragments are 
minimal.  A representative sample is displayed in 
Figure 3.8. 
Figure 3.8: Representative 
sample from Johnston #1 
core depth 5,937-5,968 ft. 
Figure 3.9: Representative 
sample from Johnston #1 
core depth 5,968-5,974 ft. 
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Limestone interbedded with gray marls 
(5,974 - 5,981 ft core depth) - Seven feet of medium-
gray, massive, foram packstones interbedded with 
thin, faintly laminated marls.  Soft sediment 
deformation, some ripple beds and minor amounts of 
bioturbation are present throughout the interval.  
Skeletal lags are locally present.  Phosphatic grains 
are moderately common.  Calcite filled fractures 
occur sparsely in the limestone beds.  A 
representative sample is displayed in Figure 3.9 
 
The Eagle Ford – Buda Limestone contact, at 
core depth 5,981 ft, is sharp and sinusoidal.  In Figure 
3.10, the contact can be identified with unaided eye.  It 
lies immediately below a ½ in skeletal intraclasts lag 




Figure 3.11: Eagle Ford 
Buda contact in the 
Johnston #1 at core depth 
5,981 ft. 
Figure 3.10: Representative 
sample from Johnston #1 
core depth 5,974-5,981 ft. 
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3.2 Kothmann #3 Drill Core 
The Kothmann #3 is 10.5 miles downdip from the Johnston #1.  The Eagle Ford 
in the Kothmann #3 is also 1,800 ft deeper and 44 ft thicker than the Johnston #1.  
However, unlike the complete Eagle Ford section in the Johnston #1, only the Lower 
Eagle Ford was cored in the Kothmann #3.  The Eagle Ford here is 155 ft thick.  Full 
diameter cores were taken, 108 ft which includes 98 ft of Eagle Ford and 10 ft of 
underlying Buda Limestone.  In the Kothmann #3, a depth addition of 10 ft is required 
for depth correction of core depth to log depth.  A vertical section of this Eagle Ford 
core, from K65SB to the Eagle Ford – Buda Limestone contact is displayed in Figure 





Figure 3.12: Kothmann #3 Drill Core description sheet.  Cored interval is highlighted in 
yellow.  Gamma Ray is plotted left of depth track and scaled 0 to 200 API units.  A 
Gamma Ray cut off of 80 API Units was used to highlight the Lower Eagle Ford.  A 
Grain size profile is plotted left of the depth track.  It ranges from clay sized to very fine 
grained and includes sedimentary features.  Facies profile is plotted to the right of the 
grain size profile. 
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Gray marl interbedded with limestones (7,779 
- 7,784 ft core depth) - Five feet of slabby, medium to 
dark gray, bioturbated, marls with medium-gray, 
bioturbated, foram wackestones dominate the lower half 
of the interval.  Medium-dark-gray, pyritic, bentonitic, 
calcareous mudrock comprises most of the upper half.  
Bioturbation is prevalent and overwrites the original 
sedimentary fabric. A representative sample is displayed 
in Figure 3.12. 
 
Inoceramid-rich marl interbedded with 
limestones (7,784 - 7,821 ft core depth) – Thirty-seven 
feet of slabby, medium to dark gray, faintly-laminated to 
laminated marl sparsely interbedded with medium to 
medium-dark gray, foram packstones.  Inoceramid 
fragments are abundant in the middle part of the 
interval.  Phosphatic pebbles and skeletal fragments are 
common in the marl constituents.  Bioturbation is sparse 
except near the top of the interval.  Intact bentonites, 
ranging from 0.1 to 2.0 in, are abundant.  A 
representative sample is displayed in Figure 3.13. 
Figure 3.13: 
Representative sample 
from Kothmann #3 core 
depth 7,779-7,784 ft. 
Figure 3.14: 
Representative sample 
from Kothmann #3 core 
depth 7,784-7,821 ft. 
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Limestone interbedded with gray marls (7,821 - 
7,833 ft core depth) – Twelve feet of light to medium-
dark gray, skeletal, foram packstones to grainstones 
interbedded with slabby, dark-gray to medium-dark-gray, 
laminated marl.  There are two distinct types of 
limestones: thin 0.1 ft skeletal packstones to grainstones 
with abundant mollusk and phosphatic skeletal 
fragments, and thick 0.5 ft foram packstones that are 
partially recrystallized.  Ripples are evident, bioturbation 
is sparse and bentonites are abundant.  A representative 
sample is displayed in Figure 3.14. 
Organic-rich marl (7,833 - 7,869 ft core depth) – 
Thirty-six feet of slabby, dark-gray, faintly-laminated marl 
sparsely interbedded with medium- to medium-dark gray, 
skeletal, foram packstones.  Planar lamination is the 
dominant sedimentary fabric.  Phosphatic skeletal grains 
are present, but less common than previous intervals.  
Scour surfaces are common and bioturbation is minimal, 
but increases in the middle of the interval.  Bentonites are 
sparse, except in the middle of the interval where several 
reworked units are present.  A representative sample is 
displayed in Figure 3.15. 
Figure 3.15: 
Representative sample 
from Kothmann #3 core 
depth 7,821-7,833 ft. 
Figure 3.16: 
Representative sample 
from Kothmann #3 core 
depth 7,833-7,847 ft. 
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Limestone interbedded with gray marls 
(7,869 - 7,877 ft core depth) - Eight feet of slabby, 
medium- to medium-dark-gray, massive to laminated, 
foram wackestones to packstones interbedded with 
subordinate amounts of dark- to medium-dark-gray, 
laminated marls.  Some of the limestones are highly 
recrystallized.  Phosphatic skeletal grains and pebbles 
are abundant through much of the interval.  
Bioturbation is common and bentonites are abundant.  
A representative sample is displayed in Figure 3.16. 
The Eagle Ford – Buda contact, at 7,877 ft 
core depth, is sharp and sinusoidal.  The contact, as 
displayed in Figure 3.17, is visible to the unaided eye.  
It lies immediately below a skeletal-lag deposit, 2 in 
of faintly laminated, dark grey marl and above a light 





Figure 3.18: Eagle Ford – 
Buda contact in the 
Kothmann #3 at core depth 
7,877 ft 
Figure 3.17: Representative 
sample from Kothmann #3 
core depth 7,869-7,877 ft. 
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3.3 Comparison Between Johnston #1 and Kothmann #3 Drill Cores 
A comparison of the total Eagle Ford section between the Johnson #1 and 
Kothmann #3 vertical pilot cores cannot be made because the Kothmann #3 did not 
core the Upper Eagle Ford.  However, 100 per cent of the Lower Eagle Ford was cored 
in both wells and therefore can be objectively compared.  Figure 3.19 displays a cross 
section of both drill cores with correlation of facies units. 
The Lower Eagle Ford is 75 ft thick in the Johnson #1 and 97 ft thick in the 
Kothmann #3.  The increased thickness in the Kothmann #3 does not come from 
limestone constituents.  Greater than 80 per cent of the thickness increase in the 
Kothmann #3 is derived from the marl-rich members in the stratigraphically higher 
portion of the Lower Eagle Ford, specifically the inoceramid-rich marls.  The darker and 
more organic-rich marls in the stratigraphically lower portion of the Lower Eagle Ford 
are approximately the same thickness in the Johnson #1 and Kothmann #3. 
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Figure 3.19:  Correlation of facies between the Johnston #1 and Kothmann #3 drill 
cores.  The cross section is hung on the top of the Eagle Ford.  Austin Chalk and Buda 
Limestone core descriptions were excluded from this project.  Well locations and section 




 Geochemistry can be used to explain mechanisms such as oil generation, and 
oxygen levels and sediment sources in the paleoenvironment.  Mineralogy, elemental 
composition, amounts of kerogen and levels of maturity were analyzed and compared to 
one another to provide insights into the paleoenvironment (Ratcliffe et al., 2012).  The 
pyrolysis, XRD and XRF raw data tables are the appendix. 
4.1 Inorganic Geochemistry 
 The Eagle Ford is a very-fine-grained rock.  Because of that, traditional reservoir 
characterization methods are not useful or applicable (Hart et al., 2013).  Elemental 
concentrations, acquired through XRF analysis, have been utilized for decades in the 
understanding of stratigraphic framework.  More recently, the analysis has been applied 
to unconventional reservoirs for the purpose of modeling.  Elemental and mineralogical 
data from these reservoirs can be used to model TOC levels, sequence stratigraphy, 
provenance, paleoclimate and paleoenvironment of deposition (Ratcliffe et al., 2012). 
 The only available XRF and XRD data available to the research project is from 
the Kothmann #3 drill core.  Since the Kothmann #3 drill core only contains Lower Eagle 
Ford, the following inorganic geochemical analyses and interpretations will only pertain 
to the Lower Eagle Ford. 
4.1.1 Bulk Mineralogy 
 Bulk mineralogy, acquired from XRD of core samples, reveals that the Lower 
Eagle Ford in the Kothmann #3 has an average composition of 77 vol% calcite, 10 vol% 
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quartz and 8 vol% clay minerals.  The calcite content ranges from 42 to 98 vol%.  The 
quartz content ranges from 0 to 31 vol%.  The total clay mineral content ranges from 1 
to 19 vol%.  Within the total clay mineral content, illite/smectite averages 45 vol%, illite 
and mica averages 26 vol%, and kaolinite averages 22 vol%.  Chlorite averages only 7 
vol% of the clay mineral content, making it a minor constituent.  Figure 4.1 displays the 
volume % variance of mineralogy composition in this well for the Lower Eagle Ford. 
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Figure: 4.1: Kothmann #3 drill core bulk mineralogy from X-Ray Diffraction.  Track 1 is Gamma Ray, Track 2 is Kerogen 
Volume, Neutron and Density Porosity, and Tracks 3 through 7 contains mineralogical compositions in vol%. 
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4.1.2 Clay Mineral Content 
Aluminum  is  a  major  constituent  of  the  Eagle  Ford’s  elemental  composition.    It  is  
probably only present in aluminosilicate minerals, including clay minerals and feldspars.  
The low variability of feldspars throughout the lower Eagle Ford interval suggests that 
clay minerals are the most likely cause of Al content fluxuations.  Clay minerals are 
made of aluminum (Al), silicon (Si), oxygen (O), and countercations (Moran, 2012).  
Aluminum is a major constituent of illite, smectite, montmorillonite and kaolinite.  
Aluminum concentration is cross plotted against other major elements, calcium (Ca), 
iron (Fe), magnesium (Mg), phosphorus (P), potassium (K), sodium (Na) and titanium 
(Ti) to analyze the magnitude of the relationship to the clay mineral content of the core 
(Moran, 2012).  Positively sloped, linear trends suggest that the element has a positive 
relationship to clay mineral content, negatively sloped linear trends suggest that the 
element has a negative relationship to clay mineral content, and non-linear patterns 
suggest that there is no relationship to clay mineral content.  The strength of 
relationship is quantified by the calculation of R², the coefficient of determination. 
Calcium has the strongest relationship with aluminum.  It is linear, negative and 
has high R² value of 0.92.  K, Ti, Na, Fe and Mg also have strong relationships with Al.  
However, they are positive and weaker relationships than with calcium.  These 
relationships are cross-plotted in Figure 4.2 on the following page.  Many trace 
elements, such as P and Mg, have little to no relationship with Al, with R² values below 
0.50 and commonly lower than 0.10.  These relationships are cross-plotted in Figure 4.3 
on p. 57. 
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Figure 4.2: Clay mineral content relationship cross plots of aluminum versus calcium, 
potassium, titanium, sodium, iron and magnesium in wt%.  Cross plots are listed in 
order of R², from highest to lowest.  Linear equations are provided for each relationship. 
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.   
 
Figure 4.3: Elemental cross-plots with poor relationships to the aluminum content 
(wt%).  Linear equations are provided for each relationship. 
 
4.1.3 Carbonate Content Relationships 
Calcium is used as a proxy for carbonate content.  Ca is cross plotted against 
other elements, Al, Si, Ti, K, Fe, Na, manganese (Mn) and P to analyze the magnitude 
of the relationship to carbonate content of the core.  Al, again, has the strongest linear 
relationship to Ca.  Other major elemental constituents, Si, Ti and K also have very 
strong relationships to carbonate content.  Si has the second strongest relationship to 
Ca with a R² value of 0.8 and it is also negative.  Ti, K, Fe and Na have R² values that 
range from 0.68 to 0.86.  These relationships are cross-plotted in Figure 4.4 on the 
following page.  Similar to clay mineral content relationships, trace elements Mn and P 
show no relationship to carbonate content.  Their R² vales of 0.016 and 0.058 reflect the 




Figure 4.4: Carbonate content relationship cross plots of calcium versus aluminum, 
silica, titanium, potassium, iron and sodium (wt%).  Cross plots are listed in order of R², 
from highest to lowest.  Equations are provided for each relationship. 
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Figure 4.5: Elemental cross plots with poor relationships to calcium content (wt%).  
Equations are provided for each relationship. 
 
4.1.4 Vertical Sections with Elemental Trends 
Elemental compositions were plotted against depth to display trends that can 
result from changes in the environment of deposition.  XRF elemental data was 
separated into three groups: detrital, carbonate, and authigenic. 
The detrital log in Figure 4.7 displays the trends of Al, K, Ti, and Si as well as 
elemental ratio trends of zircon (Zr)/niobium (Nb), Al/Ti, Al/K, and Si/Al.  The Zr/Nb log 
is present in track three of all three logs and serves as a proxy for grain size because 
zircon is typically associated with detrital zircon and niobium is generally associated 
with illite (Ratcliffe et al., 2012).  The Zr/Nb log shows a consistent baseline shift to the 
left (decrease) coming up-section from the Buda Limestone to the K65SB.  The detrital 
elements, Al, K, and Ti, along with their respective elemental ratios, do not show trends.  
Instead their logs appear to spontaneously vary, but track alongside each other.  For 
example, when one detrital element increases, the other two follow simultaneously.  Si 
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also appears to be in phase with many of the detrital element shifts.  Likewise, detrital 
element changes appear to have some positive correlation with Gamma Ray changes. 
The elemental ratio trends were plotted to provide insight into the 
paleoenvironment.  From previous works, Al/Ti is theoretically a proxy for detrital 
sediment provenance (Harris, 2000). Al/Ti is used as a proxy for sediment input from 
cratonic sources (Ratcliffe et al., 2012).  Al/K serves as a proxy for precipitation levels at 
the time of deposition (Harris, 2000).  It can also relate to the proportion of kaolinite to 




Figure 4.6:  Vertical section log showing the elemental trends for detrital elements, e.g. Zr/Nb, Al, Ti, K, Si, and Si/Al 
(wt%).
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 A log for elemental trends associated with carbonate environments is plotted in 
Figure 4.8.  Carbonate-associated elements plotted include Ca, Mg, strontium (Sr), and 
Mn as well as elemental ratios of Sr/Ca and Zr/Nb.  Ca is a major elemental constituent 
of the Eagle Ford.  Si is the other major elemental constituent.  Both elements average 
approximately 30 %, but have a strong negative relationship with each other.  
Frequently, one element will have twice the amount of the other.  Mn also has a 
negative correlation, but it is with the Zr/Nb ratio.  As Zr/Nb decreases, the amount of 




Figure 4.7: Vertical section log showing elemental trends of elements commonly in phase with carbonate production, e.g. 
Mn, Ca, Sr and Sr/Ca (wt%). 
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 The authigenic log in Figure 4.9, on the following page, displays the vertical 
section trends of S, Fe, uranium (U), vanadium (V), nickel (Ni), chromium (Cr), cobalt 
(Co), and molybdenum (Mo) as well as elemental ratios of Zr/Ni, Ni/V, and V/Cr.  Trace 
elements Ni and V have bulge-like occurrences where they have the highest values in 
the middle of the Lower Eagle Ford and taper towards the top and bottom of that 
interval.  Trace elements, including V, Ni, Cr, Copper (Cu) and Mo, are used as proxies 
for oxygen levels in the paleoenvironment.  These redox sensitive elements are more 
soluble in oxidizing conditions (Rowe et al., 2008).  Therefore, higher levels should 
correlate to higher levels of anoxia.  These trace elements share the same excursion 
trend as Ni and V. 
 The Ni/V and V/Cr ratios were also plotted to provide insight into oxidation levels 
of the paleoenvironment.  Because vanadium is likely bound to kerogen and chromium 
is associated with detrital influx, elevated V/Cr ratios suggest reducing conditions or 
higher kerogen content.  Lewan (1984) suggested that the Ni/V ratio will decrease as 
the depositional environment of their source becomes more reducing.  Lower Ni/V ratios 
theoretically correlate to higher levels of anoxia in the depositional environment.  There 




Figure 4.8: Vertical section log showing the elemental trends for authigenic elements, e.g. Cu, Cr, Fe, Mo, Ni, S, and V 
(wt%). 
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4.2 Organic Geochemistry 
 Organic geochemical data was obtained for both the Johnston #1 and Kothmann 
#3 drill cores.  All but one of the samples tested are from the Lower Eagle Ford.  
Hydrogen indices (HI) were plotted against oxygen indices (OI) to provide insights into 
the type of kerogen (Figure 4.10). Although   there’s   only   10.5   miles   separating   the  
Johnston #1 and Kothmann #3 well bores, there is significant separation between their 
representative data points.   Samples from both wells have similar low oxygen indices 
suggestive of type I kerogen, but have significant differences in hydrogen index values. 
Based on HI the samples from the Johnston #1 well are type I whereas the Kothmann 
#3 samples could be type I or II kerogen. 
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Figure 4.9: Cross plot of Hydrogen Index (HI) versus Oxygen Index (OI) from Lower 
Eagle Ford core samples in the Johnston #1 and Kothmann #3 wells.  Kerogen type 
curves are from Hunt, 1996. 
 
A plot of total organic carbon (TOC) against remaining hydrocarbon potential 
(S2) shows that the Kothmann #3 data within the type II kerogen region, and the 
Johnston #1 data are borderline type I kerogen (Figure 4.11). 
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Figure 4.10: Cross plot of remaining hydrocarbon potential (S2) versus Total Organic 
Carbon (TOC) from Lower Eagle Ford core samples in the Johnston #1 and Kothmann 
#3 wells.  Kerogen type curves are from Hunt, 1996. 
 
 The hydrogen index is plotted against thermal maturity (Tmax) and again shows 
significant difference in maturity between the Johnston #1 and Kothmann #3 drill cores 
(Figure 4.12).  The Kothmann #3 has an average Tmax value of 15ºC greater than the 
Johnston #1.  The HI in the Kothmann #3 is also nearly half of the value in the Johnston 
#1.   
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Figure 4.11: Cross plot of Hydrogen Index (HI) versus thermal maturity (Tmax) from 
Lower Eagle Ford core samples in the Johnston #1 and Kothmann #3. Kerogen type 
curves are from Hunt, 1996. 
 
 A cross section was built to compare TOC and free hydrocarbons (S1) as 
discrete data points and also logs for referencing against the gamma ray, resistivity and 
density logs (Figure 4.13).  Jarvie (2012) suggests that S1 crossover of TOC indicates 
good potential for oil production.  The TOC data appears to positively correlate with the 
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density log.  TOC spikes also appear to correlate to some gamma ray spikes.  The S1 
log surpasses the TOC log at three discrete data points in the Johnston #1, but does not 
at all in the Kothmann #3. 
 
Figure 4.12: Cross section of Johnson #1 and Kothmann #3 with Gamma Ray (GR), 
deep resistivity (AT90), bulk density (RHOB) plotted in tracks 1, 2 & 3.  Free 
hydrocarbons (S1) and Total Organic Carbon (TOC wt%) are plotted in track 4.  
Crossover of S1 over TOC is present in the Johnston #1 and shaded green (Jarvie, 
2012). 
 
4.3 Integrated Geochemistry 
TOC was cross plotted against different elemental values in Figure 4.14.  The R² 
value ranges from 0.000 to 0.506 and averaged 0.200.  Lead (Pb) (0.506), Ca (0.417), 
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Mo (0.370), and Fe (0.364) have the strongest correlation (highest R²) with TOC.  Every 
element, with the exception of Ca, scandium (Sc), and tantalum (Ta), display a positive 
relationship with TOC. 
 
 
Figure 4.13: Cross plots of Total Organic Carbon (TOC) versus major and trace 
elements (wt%).  Cross plots are listed in order from greatest to lowest R².  Linear 






 Petrophysics is the study of chemical and physical rock-fluid properties, as well 
as their interactions with fluids.  This research utilized petrophysical techniques to 
model the distribution of Eagle Ford total organic carbon content (TOC) throughout Frio 
County and to compare the natural reservoir flow units within the Eagle Ford in the two 
wells. 
5.1 TOC Calculations 
Measured TOC values, from full diameter core in the Johnston #1 and Kothmann 
#3, were plotted against gamma ray, resistivity, and porosity logs run in those 
respective wells.  The bulk density tool reading, RHOB, proved to have the strongest 
relationships to measured TOC.  Its coefficient of determination, R², calculated to 0.74.  
The density porosity, DPHI, which is calculated from RHOB by the logging company 
upon completion of the vertical pilot hole, proved to have a similarly strong relationship 
with a R² calculation of 0.73.  Figure 5.1, on the following page, displays the level of 




Figure 5.1:  Cross plots of RHOB and DPHI versus TOC data combined between the 
Johnston #1 and Kothamnn # 3 drill cores.  Functions and R² are provided for each 
relationship. 
TOC(wt%) = 40.842*RHOB(g/cc)2 -  
222.03*RHOB (g/cc) + 303.55 














TOC(wt%) = 0.014*DPHI(%)2 -  
0.0039*DPHI(%) + 1.9003 















5.1.1 TOC Maps 
 TOC was calculated from the DPHI in 10 wells using the derived equation, TOC 
wt%=0.014(DPHI%)²-0.0039(DPHI%)+1.9003.  DPHI was chosen over RHOB because 
the  research  project’s  database  contained  14  wells  with  DPHI  log,  but  only  4  with  RHOB  
log.  One well, close to the southeast border of Frio County, was left out of the project 
because the caliper tool suggested poor and rugose borehole conditions that resulted in 
abnormal density tool readings. 
Since the correlation of RHOB and DPHI to TOC was very similar, the variance in 
calculated TOC will be minimal.  A cloud transform was utilized to make the model more 
realistic by accounting for randomness and variability in the relationship.  The cloud 
transform used a randomness factor of 5.0 and is plotted with DPHI versus TOC data in 
Figure 5.2.  The R² values for the data and cloud data were identical. 
 
Figure 5.2:  Cross plot of DPHI versus TOC relationship with cloud transform data. 
TOC(wt%) = 0.014(DPHI%)2  
- 0.0039(DPHI%) + 1.9003 














The Lower Eagle Ford TOC, calculated from DPHI, was averaged per well, 
plotted on a map, and then contoured (Figure 5.3).  The data and contours show that 
the average TOC, calculated from DPHI, increases northward across Frio County. 
 
Figure 5.3:  Map of calculated TOC distribution in Frio County per relationship to 
DPHI(%) outlined in the previous Figure.  Contour interval is 2 wt%. 
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5.2 Stratigraphic Modified Lorenz Plots 
 The Stratigraphic Modified Lorenz Plot (SMLP) is a graphical method for easily 
quantifying reservoir flow units.  A flow unit is a stratigraphically continuous interval of 
similar reservoir process speed that honors the geologic framework and maintains 
characteristics of rock types.  They are based on geologic framework, petrophysical 
rock/pore types, storage capacity, flow capacity, and reservoir process speed (Gunter et 
al., 1997).  The SMLP is created from normalized permeability and porosity.  Intrinsic 
permeability logs, derived from RHOB logs calibrated to nano-permeator 
measurements, were used for the permeability data.  The DPHI log was used for the 
porosity data.  The two parameters are plotted against each other, creating a series of 
points, whose slope represents reservoir process speed, the relationship between 
storage capacity and flow capacity.  Because the rock properties are normalized, the 
slope will correlate to an inverted stratigraphic section and the axis will be in per cent 
property of that well, not depth.  The log data used for the SMLP plots was sampled at 
0.5 ft increments.  Since the axes do not represent a contiguous depth, flat clusters of 
points can represent many feet of Eagle Ford, while steep elongate lines of data may 
only represent a few feet.  Figure 5.4 is a schematic diagram that explains how to 
evaluate SMLP plots. 
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Figure 5.4: Schematic diagram explaining how stratigraphic modified Lorenz plots 
(SMLP) function.  Left SMLP is not annotated.  Right SMLP has colored each flow unit 
type according to slope angle.  Flat slopes are labeled impermeable and colored in 
black.  Gentle slopes are labeled storage and colored in green.  Forty-five degree 
slopes are labeled good reservoir process speed and colored in red.  Steep slopes are 
labeled speed zone and colored in blue.  
 
5.2.1 Johnston #1 SMLP 
The  Johnston  #1’s  SMLP  is  illustrated  in  Figure  5.4  on  the   following page.  The 
majority of the data is very flat and contained in the lowest portion of the chart.  There is 
one major inflection point in the SMLP at 0.15 % flow capacity.  In addition to that, there 
are several flat spots in the trend that, according the SMLP model represent 
permeability barriers (Gunter, 1997).  After the major inflection, the curve becomes very 
steep, suggesting a speed zone.  Speed zones are segments of the curve with steep 
slopes.  They have greater percentage of reservoir flow capacity relative to storage 
capacity (Gunter, 1997). 
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Figure 5.5:  Johnston #1 SMLP cross plot between flow capacity and storage capacity. 
 
 Figure 5.5, on the following page, is the Johnston #1 SMLP with annotations, 
flow unit boundaries, and representative slopes.  The total Eagle Ford in the Johnston 
#1 was separated into three flow units based on differences in slope angle.  The 
average slope of Flow Unit 1 is 0.12, Flow Unit 2 is 0.41, and Flow Unit 3 is 1.654.  




Figure 5.6:  Johnston #1 SMLP with annotations to reflect the changes in relationship 
between flow capacity and storage capacity. 
 
 SMLP charts are built from the base up and do not reflect a uniform depth.   The 
Johnston  #1  SMLP  chart’s  Y-axis was inverted so that flow unit values would correlate 
to stratigraphic intervals.  Figure 5.6, on the following page, is an inversion of Figure 5.5 
with tops relative to flow units.  The boundary between Flow Unit 1 and Flow Unit 2 was 
the same depth as K65SB, the boundary between Upper and Lower Eagle Ford.  The 
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boundary between Flow Unit 2 and Flow Unit 3 was the same depth as the top of the 
organic-rich marl facies picked from core descriptions. 
 
Figure 5.7:  Inverted Johnston #1 SMLP with annotations and stratigraphic tops. 
 
5.2.2 Kothmann #3 SMLP 
The  Kothmann  #3’s  SMLP   is   illustrated   in  Figure  5.7  on   the   following  page.      In  
the Kothmann #3 SMLP, there is again one major inflection point that separates the 
chart   into   lower   and   upper   regimes.      The   Kothmann   #3’s   SMLP   is   similar   to   the  
Johnston  #1’s.     However, the lower portion of the chart is less flat than the Johnston 
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#1’s   and   the  upper   part   is   less   steep.     Also  again,   there  are   several   flat   spots   in   the  
Kothmann’s  SMLP. 
 
Figure 5.8:  Kothmann #3 SMLP cross plot between flow capacity and storage capacity. 
 
 Figure 5.8, on the following page, is the Kothmann #3 SMLP with annotations, 
flow  unit  boundaries,  and   representative  slopes.     The  Kothmann  #3’s  SMLP  was  also  
broken  down  into  three  flow  units.    The  Kothmann  #3’s  flow  unit  values  were  similar  to  
the  Johnston  #1  SMLP  with  Flow  Unit  1’s  average  slope  of  0.51,  Flow  Unit  2’s  of  0.62  
and  Flow  Unit  3’s  of  1.86. 
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Figure 5.9:  Kothmann #3 SMLP with annotations to reflect the changes in relationship 
between flow capacity and storage capacity. 
 
The Kothmann #3 SMLP chart was also inverted so that flow unit values would 
be in stratigraphic order from top to bottom.  Figure 5.9, on the following page, is an 
inversion of Figure 5.8 with tops relative to flow units according to depth.  The boundary 
between Flow Unit 1 and Flow Unit 2 correlated to the depth of K65SB, the same 
stratigraphic unit correlation as in the Johnston #1, K65SB.  The boundary between 
Flow Unit 2 and Flow Unit 3 correlated to the depth of the top organic-rich marl facies 
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picked in core descriptions.  This is another correlation between stratigraphy and SMLP 
also shared with the Johnston #1. 
 
Figure 5.10:  Inverted Kothmann #3 SMLP with annotations and stratigraphic tops. 
 
5.2.3 Comparison of Johnston #1 and Kothmann #3 SMLP 
 The Johnston #1 and Kothmann #3 SMLPs were lined up in Figure 5.10 for a 
side-by-side  comparison.    It’s  evident  that  the  relative  (%DPHI,  %KH)  data  for  each  well  
is similar, but distinct. 
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Figure 5.11: Stratigraphic Modified Lorenz Plots (SMLP) for the Total Eagle Ford 
section in the Johnson #1 and Kothmann #3 wells.  Note the relative similarities and 
slight differences between relative data and flow unit interpretations. 
  
The inverted SMLPs were also lined up in Figure 5.11, on the following page, for 
a side by side comparison.  The flow units were correlated from the Johnston #1 and 
Kothmann #3 as well as labeled with their corresponding stratigraphic units.  The 




Figure 5.12:  Inverted Stratigraphic Modified Lorenz Plots (SMLP) with flow unit 
boundaries and stratigraphic tops for the Total Eagle Ford section in the Johnston #1 
and Kothmann #3 wells.   
 
5.2.4 SMLP Log Curves 
 The slope of each SMLP was calculated into degrees via arcTAN(M), where M is 
the slope of the SMLP.  Each slope value corresponds to a depth.  The SMLP slope 
values were inputted into IHS Petra® to create SMLP logs (depth versus SMLP slope).  
The SMLP logs were compared to other log curves through the Total Eagle Ford 
interval.  Figure 5.12, on the following page, is a type log for the Johnston #1 with SMLP 
slope in track 4.  The SMLP slope is plotted in degrees and geoshaded so that the color 
becomes warmer as the slope approaches 45º, or M=1.  Although the three flow units 
appear to represent the same stratigraphic sections in each well, their values are clearly 
different.  The inflection points and differences in SMLP slope suggest markedly 
different reservoir process speeds. 
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Figure 5.13: Johnston #1 vertical section with SMLP slope data in track 4.  The slope of 
the line per depth is geoshaded to highlight slopes close to 45 degrees with warm 
colors.  Slopes closer to 0 and 90 degrees are represented with cooler colors. 
 
Figures 5.13, on the following page, is a type log for the Kothmann #3 with SMLP 
slope in track 4.  Figure 5.14 has the exact same format as Figure 5.13.  Comparing the 




Figure 5.14: Kothmann #3 vertical section with SMLP slope data in track 4.  The slope 
of the line per depth is geoshaded to highlight slopes close to 45 degrees with warm 







INTERPRETATION and DISCUSSION 
The previous four chapters, Chapter 2 through Chapter 5, presented the data 
and results of this study.  Chapter 6 discusses these results and analyzes, compares, 
and interprets the different results from each data type. 
6.1 Subsurface Mapping 
 As previously stated, Donovan et al. (2013) nomenclature was used in this paper.  
Tops, including the Eagle Ford, Lower Eagle Ford (K65SB), and the Buda Limestone, 
were picked using their framework.   However, it was not possible to correlate the Eagle 
Ford’s  four members, Langtry, Scott Ranch, Antonio Creek and Lozier Canyon, into Frio 
County.  Potentially, with a database extending from Lozier Canyon, in Terrell County, it 
would be possible to tie those members to Frio County.  As they were unidentifiable in 
the   Frio  County  well   logs,   even  with   XRF  elemental   and  XRD  mineralogical   logs,   it’s  
possible that they pinch out or more likely change lithology.  It is probable that at least 
some of the members extend along strike and updip into Frio County, but for the scope 
and purpose of this research, it was unable to confirm this hypothesis. 
In Frio County, the top of the Eagle Ford ranges from -2,200 to -8,000 ft subsea, 
with 5,800 ft of structural relief.  The dip is reasonably gentle at nearly 2° and very 
consistent.  The Eagle Ford, like most horizons in south-central Texas, dips toward the 
Gulf of Mexico.  The structure map has very consistent contour spacing of the 500 ft 
contour interval.  However, when the contour interval is tightened, resolution is 
increased, which now shows several local features, but clutters the map at the county 
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level.  These features need to be mapped out in high resolution in order to avoid drilling 
horizontal wells out of zone. 
 In comparison to the productive Eagle Ford fairway, which currently includes 25 
counties, the majority of Eagle Ford in Frio County is quite thin.  There are several 
possible causes for this.  The Eagle Ford thins towards the San Marcos Arch to the 
northeast and probably pinches out updip towards the paleoshoreline and associated 
high energy environments to the north.  The Eagle Ford does thin to the north, but it 
may crop out before Highway 90, a latitudinal road approximately 20 mi north of the Frio 
County border that runs along the Buda Limestone outcrop trend (Harbor, 2011). 
In all three isopach maps, the lower, upper, and total Eagle Ford intervals, the 
thickness increases to the south, but increases most abruptly towards the southwest.  
The thickness increase to the south reflects greater subsidence toward the Gulf of 
Mexico.  However, the rapid thickness increase towards the southwest results from 
greater accommodation space due to increased subsidence in the Maverick Basin 
(Galloway, 2008; Scott, 2003).  The Upper Eagle Ford isopach shows a thinning in 
south-central Frio County.  This feature is not present in the Lower Eagle Ford isopach, 
but it is reflected in the Total Eagle Ford isopach.  The thinning in the Upper Eagle Ford 
is most probably related to the Pearsall Arch, a deeper structure noted in the literature 
review section (Goldhammer and Johnson, 2001). 
The dip and strike stratigraphic cross sections show that the Lower Eagle Ford is 
reasonably consistent in thickness, while the Upper Eagle Ford has a very dynamic 
thickness.  According to core descriptions, the Lower Eagle Ford has more suspension 
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bed forms, while the Upper Eagle Ford contains more traction current features.  If those 
generalizations are correct, then the Lower Eagle Ford sediment would more or less 
drape the underlying topography while the Upper Eagle Ford sediment would fill in 
around topographic highs as it became reworked by storms and higher energy 
processes.  This theory would explain the Pearsall Arch causing thinning in the Upper 
Eagle Ford, but not the Lower Eagle Ford. 
6.2 Core Analysis 
The very fine grain to clay-sized grains, bioturbated texture and ambiguous color 
of the Eagle Ford cores made deciphering sedimentological information very 
challenging.  While the Eagle Ford – Buda contact was easily picked in both cores, the 
Austin Chalk – Eagle Ford contact required well logs, regional correlations and a 
literature review for verification.  Utilizing color to decipher core characteristics proved 
difficult and problematic.  Immediate color changes were helpful in identifying 
Inoceramus shells and immediate shifts from limestone to marl or marl to limestone.  
However, within the marly members, changes in color represented a wide variety of 
core attributes including carbonate, clay, and TOC content. 
The core analysis revealed that the Eagle Ford is composed of limestones and 
marls in varying proportions to each other.  The limestones are found in association with 
bioturbation and traction current structures.  The allochems were dominantly planktonic 
forams and reworked molluscan fragments, indicating respectively that they were 
derived from water column suspension and traction flow processes.  In contrast, the 
marls were found in association with argillaceous material, solid bitumen, molluscan 
fragments, phosphatic grains, and planar laminations.  Compared to Eagle Ford in other 
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counties, the relative abundance of limestone in Frio County Eagle Ford is high (Moran, 
2012).  It appears that the level of traction current deposition is also higher than normal.  
Current literature suggests that alternating marl and limestone beds are interpreted to 
represent parasequences (Dawson and Almon, 2010).  Marls, at parasequence base, 
reflect hemipelagic suspension during transgression, whereas the limestones represent 
more proximal, high energy, and aerobic environments (Hentz and Ruppel, 2010). 
Inoceramids were found throughout both cores, but they were generally found in 
association with lower energy sedimentary features.  They were exceptionally prolific in 
Facies 3, Inoceramid-Rich Marl with Interbedded Limestones, near the top of the Lower 
Eagle Ford.  They have been documented to thrive in benthic, dysoxic, and murky 
conditions (Jacobs et al., 2013).  It is possible that Facies 4, Organic-rich Marl, lacked 
the necessary level of oxygen for inoceramids and that is why there are much fewer in 
that interval. 
The Kothmann #3 is approximately 10.5 mi down section from the Johnston #1 
and 44 ft thicker in total Eagle Ford.  The growth was split approximately equal between 
the  Upper  and  Lower  Eagle  Ford.    It  wasn’t  possible  to  do  a  core  analysis  comparison  
between the Upper Eagle Ford sections since the Upper Eagle Ford wasn’t  cored  in  the  
Kothmann # 3 well.  In the Lower Eagle Ford, the additional section in the Kothmann #3 
came from thicker marls, whereas the limestones were approximately the same 
thickness.  This further verifies that the Kothmann #3 was further down paleoslope and 
in deeper water than the Johnston #1. 
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6.3 Geochemistry 
The XRD bulk mineralogy data on the Kothmann #3 was sampled at random 
intervals and only in the Lower Eagle Ford.  The data agreed with the core description 
very well.  The depths with greater than 70 % carbonate content were picked as 
limestone-dominated intervals.  The depths with increased argillaceous material and 40 
to 70 % carbonate were picked as marl-dominated intervals.  High gamma ray spikes 
over 150 API correlate to increases in clay minerals, pyrite, marcasite, TOC and 
decreases in carbonate content.  The calm and deep water mineral assemblage trends 
suggest that those intervals represent brief flooding events.   However, the majority of 
changes in lithology occur on scales much smaller than the sampling interval.  Also, the 
core descriptions are based on the dominate lithology in a mixed lithology interval, not 
the only lithology present.  Therefore, the bulk mineralogy is a good tool for confirming 
core descriptions, but at the coarse sampling interval, and not a good representation of 
the lithology by itself. 
The XRF elemental composition data was sampled in the same well, but in 
consistent two foot intervals.  Clay mineral elemental ratio trend lines suggest that K, Ti, 
and Na have a stronger relationship with clay mineral content than Fe or Mg.  
Deflections of Si, above its linear trend, suggest that it is not correlative with 
argillaceous minerals, but is more likely derived from detrital or biogenic silica (Ratcliffe 
et al., 2012).  Linear trends suggest that P and Mn have virtually no relationship with  
clay mineral content.  Ca however, has a strong negative relationship to clay mineral 
content.  The negative relationship is derived from increased detrital input of fines 
staving off (or diluting) carbonate production and increased carbonate production 
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diluting the clay mineral content.  These relationships, in Frio County, are in line with 
Moran’s  2012  findings from Bee County, downdip and approximately 100 miles away. 
Carbonate content diagrams reinforce the dichotomy of two depositional 
environments by showing negative relationships in many elemental ratio plots.  The 
strongest element relationships to Ca, such as Al, Si, Ti, K, Fe, and Na, were all 
negative.  This is because the elements are associated with different environments of 
deposition.  For example, Al, K, and Ti are components of detrital minerals.  Quartz can 
be too, and in this case, probably is.  Carbonate production suffers when detrital 
processes and sediment comes into the environment.  Fe, much of which probably 
resides in pyrite, marcasite, and clay minerals, has a strong negative relationship with 
carbonate.  This is because pyrite is formed in deeper, anoxic/euxinic water conditions 
while carbonates are restricted to shallower and more oxic water conditions.  Most of 
the elements measured by XRF are trace elements, which are better preserved in 
anoxic environments.  Reducing conditions are created from high productivity, 
increased water depth, world scale OAEs, or changes in oxygen minimum zone, where 
carbonate   production   is   less   prolific.      This   is   another   explanation   for   Ca’s   negative  
relationship with most elements.  Mn and P however, appear to have no relationship.  
These non-relationships reinforce the lack of mineral associations between the 
elements. 
The vertical section logs with elemental compositions and ratios through the 
Lower Eagle Ford contained a large amount of data that supported other project 
conclusions very well.  Detrital elements, Al, K, Ti, display a remarkably similar S-
shaped trend.  They all have the greatest elemental composition in the bottom half of 
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the Lower Eagle Ford and diminish through the top half of the Lower Eagle Ford.  
Carbonate elements, Mn, Sr and Ca, showed the exact opposite responses of detrital 
elements.  That relationship further reinforces the dichotomy of lithology and 
paleoenvironment.  Authigenic elements, S, Fe, V, Ni, Mo, Cu and Cr, also showed 
similar patterns.  The S and Fe logs were identical to the detrital logs, indicating that the 
deepest water was in the middle of Facies 4, Organic-rich Marl.  However, the 
remaining authigenic element logs, which are trace elements, seem to have the shape 
of parabola, tapering up towards the middle of the Lower Eagle Ford and tapering down 
towards its top and bottom.  This authigenic maxima is close to the detrital maxima and 
carbonate minima, but appears to be at its maximum during the inflection between 
positive and negative excursions of the S-shaped carbonate and detrital logs.  This 
could be interpreted that the authigenic elements maximum occurrence in the middle of 
the Lower Eagle Ford represents a flooding maxima.  The maximum composition of 
trace elements could have been preserved by insolubility, a function of reducing 
conditions.  This would mean that detrital processes were dominant during sea level 
rises and carbonate mechanisms were dominant during sea level falls.  This could have 
implications for the paleoclimate.  If the sediment is a function of climate, then detrital 
regimes should correlate to humid climates and the carbonate regimes, more arid. 
Implications from elemental ratio proxies were interpreted and found to support 
implications derived from other data in this project. The Zr/Nb ratio, which serves as a 
proxy for grain size, plotted as a slight baseline shift from right to left.  Although it is 
highest at the bottom of the Lower Eagle Ford, along with levels of detrital and 
authigenic elements, and decreases with detrital elements towards K65SB, there are no 
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inflections suggesting immediate change from one lithology or environment to another.  
The Al/Ti ratio was a very consistent 29.8 throughout the Lower Eagle Ford.  This 
implies that the sediment source was consistent throughout the 9 m.y. of deposition 
(Harris, 2000).  At 29.8, the ratio implies continental crust, which is interpreted to be 
derived from the stable North American Craton, Laurentia, to the northeast.  If the ratio 
were lower, it would be plausible that the sediment was derived from the Cordilleran 
thrust belt, with active volcanism, to the west.  This may be the case in western portions 
of the Maverick Basin.  Since the Al/Ti ratio suggested that the sediment source was 
likely consistent through Lower Eagle Ford time, the Al/K ratio should accurately reflect 
the humidity of the paleoclimate (Alplin, 1993).  The Al/K ratio is highest in the bottom 
and middle Lower Eagle Ford and lowest in the upper third.  Since K is only found in 
illite and potassium-feldspar, high levels of Al/K correspond to high levels of 
precipitation because streams eroding sediment from humid regions will be enriched in 
Al and be starved of S, Ca, and K (Alplin, 1993).  This suggests that the bottom and 
middle portions of the Lower Eagle Ford contain sediment from a more humid climate 
than the upper third.  The Al/K log, tracking along with detrital element logs, decreasing 
up section towards K65SB, strengthens the interpretation that climate is a dominant 
control on lithology.  That interpretation conforms to the dichotomy of contrasting 
lithologies corresponding to different climates and relative sea level.  The Si/Al log 
tracks along with the Al log and other detrital element logs very similarly throughout the 
Lower Eagle Ford.  The lack of Si enrichment implies that there is little to no radiolarian 
activity producing biogenic silica (Ratcliffe et al., 2012).  The Sr/Ca ratio can have 
implications for benthic redox levels because strontium is sensitive to that metric (Stoll 
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and Schrag, 2001).  However, the Sr/Ca ratio is a consistent 30.2 throughout the Lower 
Eagle Ford, implying only that the two elements are in phase with each other.  The 
authigenic trace element ratios, Ni/V and V/Cr, are good indicators of 
paleoenvironmental redox conditions because trace elements are more soluble under 
oxic conditions.  Ratios were used to normalize against the fluctuations of detrital input.  
The Ni/V ratio is functional because the amount of Ni and V in kerogen adjusts to 
paleoenvironmental factors (Lewan, 1984).  Thermodynamic studies suggest that the 
ratio will decrease as the environment of deposition becomes more anoxic.  In the 
Lower Eagle Ford, the Ni/V ratio consistently decreases coming up section from the top 
of the Buda to K65SB.  This suggests that anoxia increases from base to top of the 
Lower Eagle Ford.  This interpretation is strengthened by the core descriptions where 
most of the limestone in the Lower Eagle Ford is towards the base of the interval.  The 
V/Cr ratio can also imply redox conditions because V is usually bound to organic 
material and Cr is generally found in detrital sediments.  Therefore, a higher V/Cr ratio 
should correspond to more reducing conditions (Jones and Manning, 1994).  The V/Cr 
ratio of the Lower Eagle Ford is an inverse of the Ni/V ratio; it is highest in the upper 
portions and lowest in the bottom.  However, the V/Cr ratio suggests the same 
implications as the Ni/V ratio, that anoxia increases up section through the Lower Eagle 
Ford.  These authigenic trace element ratios, that theoretically highlight reducing 
conditions, did not correlate to the greatest levels of measured TOC.  However, this is 
accounted for in the Eagle Ford because this project has documented with core and 
geochemistry, that TOC has a negative relationships with calcium and a positive 
relationship with detrital and authigenic elements.  These detrital and authigenic 
 97 
elements were proven to correspond to argillaceous marl facies in core descriptions.  
Therefore, the V/Cr theory, which relies upon TOC and detrital processes having an 
inverse relationship, is invalid in this paleoenvironment. 
The organic geochemical data showed that even though the two cores are only 
10.5 mi apart, there are significant differences in the hydrocarbons and levels of 
maturation. Cross plotting HI versus Tmax reveals significant differences in thermal 
maturity between the cores.  Tmax measurements from both cores confirm that the 
Kothmann #3 is more mature by 14 degrees Celsius.  The plot suggests that the 
Johnston #1 contains Type I kerogen and the Kothmann #3 contains Type II. However, 
given the thermal maturity of the Kothmann well, the original kerogen type is uncertain. 
The HI in the Kothmann #3 was lowered by hydrocarbons having been cracked out of 
kerogen.  However, the low oxygen indices, found in both cores, suggest that the 
organic material is lipid-rich type I or type II kerogen or a mixture of both (Jarvie, 2012).   
Cross plotting S2 versus TOC also revealed significant differences between the cores 
due, in part, to differences in thermal maturity.  The cross plot indicates that the 
Johnston #1 is Type I kerogen and the Kothmann #3 is Type II.   Although they have 
similar levels of TOC, the updip Johnston #1 recorded significantly higher S2 values.  
Based on the three cross plots, the kerogen type for both wells is interpreted to be a 
mixture of type I and type II.  Type I kerogen is purely algal in origin while type II 
kerogen is planktonic.  Both kerogen types can be marine in origin and have the 
propensity to crack into oil-phase hydrocarbons.  It is possible, depending on 
orientation, that the deepest paleobathymetry in Frio County is on the western edge, 
towards the Maverick Basin.  However, the current greatest depth is in the southeast 
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corner, 1,500 ft deeper than the southwest  corner.     This  project  doesn’t  have  the  core  
data to properly address that question. 
The inorganic versus organic data showed that Pb, Ca, Mo and Fe have strong 
relationships  with  TOC.    Ca’s  relationship  is  negative,  while  the  other  three  are  positive.  
This is likely because the carbonate production was temporarily staved off during 
flooding events where TOC was preserved in reducing conditions.  Pb and Mo are trace 
elements that are less soluble in more anoxic conditions where TOC is also preserved.  
Fe’s  relationship  also  makes  sense  because  it’s  present  in  pyrite  and  marcasite,  which  
are also formed in anoxic conditions.   
In this paleoenvironment, data relationships suggest that authigenic material, 
detrital composition, suspension deposition, and TOC increase with water depth.  The 
opposite is true for bioturbation, carbonate composition, and traction currents.  They 
decrease with water depth to the south. 
6.4 Petrophysics 
 Petrophysical calculations from DPHI suggest that TOC increases to the north in 
Frio County.  This is counter intuitive as TOC should not increase 300 % towards the 
oxic and high energy shore face environment.  The calculated TOC contours resemble 
the subsea depth contours, indicating that depth is a control on DPHI.  Data and 
interpretations from this research project suggest that TOC increases towards the basin 
where the benthic environment is calm and anoxic.  These questionable, calculated 
TOC results could be the result of several issues: 1) loss of TOC through maturation, 2) 
water bound clays decreasing RHOB readings at shallow depths, 3) lack of compaction 
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at shallow depth causing higher RHOB readings, 4) borehole rugosity issues, or 5) 
faulty model.  Average TOC probably does not increase more than 4.5 % towards the 
north.  The most likely cause of the high calculated TOC to the north is greater porosity 
preservation at shallower depths with less compaction and clay bound water.  Both of 
these causes will measure lower RHOB.  Accordingly, DPHI will calculate greater and 
TOC models will be faulty in those conditions.  The problem with calculating TOC from 
density is that density reads both porosity and TOC because the density of TOC and 
water are very similar.  However, at the depth of the two cored wells, -5200’  and  -7200’  
subsea, the DPHI correlated to TOC very well with an R² of 0.73.  Therefore, at some 
depth or greater than some depth, the model probably works.  Cardneaux’s   (2012) 
master’s  thesis  proposed  a  datum  of  the  Eagle  Ford’s  updip   level  of  maturation  where  
kerogen cracks to hydrocarbons.  This line, which is approximately -4,000 to -4,500 ft 
subsea depth, is probably close to the level of maturity where clays have already 
compacted and dewatered.      It’s   also   probably   where   this DPHI-TOC calculation 
becomes realistic.  Figure 6.1, shows the Figure 5.3 TOC contour map overlain with 
Cardneaux’s   (2012) calibrated vitrinite reflectance contours.  TOC contours north of 
Cardneaux’s  (2012) calculated Ro contour level of 0.55 %Ro were clipped from the map 
as the claimed relationship between DPHI and TOC is believed to deteriorate below that 
threshold of thermal maturity. 
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Figure 6.1:  Map of calculated TOC distribution in Frio County per relationship to 
DPHI(%).  Calculated TOC value is plotted beneath each well.  Contour interval is 2 
wt%.  Calculated vitrinite reflectance contours are overlaying the TOC data in blue and 
green contours.  The contour interval is 0.05 %Ro.  Modified from (Cardneaux, 2012). 
 
 The SMLP method of flow unit characterization is an unconventional approach to 
finding reservoir quality within reservoirs of nanodarcy permeability and single digit 
porosity.  The issue is further compounded because this reservoir does not naturally 
produce.  It requires hydraulic fracture stimulation and proppant, which increases the 
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permeability.     However,   it’s  probable   that   the  porosity  versus  permeability   relationship  
can  still  be  insightful  of  the  reservoir,  even  though  the  data  is  in  situ.    Each  well’s  SMLP  
highlighted three distinct flow units separated by intervals of zero permeability.  Each 
flow unit had a variety of thin permeability breaks that subdivided them into minor flow 
units.  These did not correlate as well as the major flow units.  The three major flow 
units in each well were very similar.  In both wells, the slope increased from flow unit 1, 
to flow unit 2, to flow unit 3.  The similarities and ease of correlation indicates the 
relationship between flow capacity and storage capacity is partially controlled by 
lithology.      They’re   also   probably   bound   to   chemistry   and   physics,   which   will   have  
varying effects as the depths and pressures change.  However, as this project has 
documented that lithology is controlled by paleoenvironmental factors such as, climate 
and water depth, the flow unit measurement of flow capacity and storage capacity is 
likely also controlled by paleoenvironment. 
According to Gunter et al.’s  2002  model,  a  slope  of  45  degrees, or M=1, will have 
the best reservoir quality.  The Kothmann #3 has significantly more Eagle Ford section 
with good SMLP slope than the Johnston #1.  Since the lithologies are basically the 
same, the increase in quality is probably derived from the increased depth and 
associated increase in thermal maturation.  The Kothmann #3 also has good SMLP 
slope in flow unit 1, where the Johnston #1 has virtually zero.  There is little to no TOC 
in that limestone  rich  segment  of  the  Eagle  Ford.    It’s  likely  that  the  potential  increase  in  
reservoir quality also stems from the Kothmann #3 being deeper and more thermally 
mature with the potential to self-fracture in its more brittle constituents.  Without having 
Upper  Eagle  Ford  core  in  the  Kothmann  #3,  it’s  only  possible  to  speculate.    The  SMLPs  
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provided evidence that maybe the best reservoir zone to land laterals in is not the 
organic-rich interval, roughly a standard 40 ft above the Buda Limestone, but in the 
inoceramid-rich marl member of the Lower Eagle Ford or in the limestone-rich members 
of the Upper Eagle Ford.  According to XRF elemental data, these two intervals contain 
less clay than the organic-rich, Facies 4 at the bottom-center of the Lower Eagle Ford.  
Completing and producing Eagle Ford from these intervals might be advantageous 
years into production as operators attempt to keep fine grained particles out of the wells 















 This study documented 7 important parameters for the Eagle Ford play in Frio 
County: 
1. Subsurface mapping (well logs) 
- The Eagle Ford structure is a homoclinal ramp that dips approximately 2º 
southeast toward the Gulf of Mexico.  There are small variations in structure 
that are below the resolution of this county-level study. 
- The Eagle Ford thickness is less than 75 ft in the northeast corner of the 
county.  The formation eventually crops out or pinches out north of Frio 
County.  The thickness increases to greater than 150 ft in the southeast 
corner toward the Gulf of Mexico Basin and to greater than 225 ft in the 
southwest corner toward the Maverick Basin.  Thickness changes are the 
result of subsidence and accommodation space.  There is a north to south 
thinning trend in the eastern central portion of the county. 
2. Lithofacies (core) 
- The Eagle Ford Formation is a mixed lithology of marl and limestone 
dominated intervals that were deposited in a rapidly dynamic 
paleoenvironment. 
- Limestone-dominated intervals exhibit bioturbation and traction current 
sedimentary structures. 
- Marl-dominated intervals contain molluscan fragments, planar laminations, 
organic carbon, and solid bitumen 
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- No correlation was found between recognized lithofacies and unique log 
responses. 
3. Inorganic geochemistry (core) 
- Mineralogical and elemental content trends confirm the lithofacies picked 
during core analysis. 
- Excursions of reducing authigenic trace elements confirm the reducing 
benthic conditions at the time of deposition. 
4. Organic geochemistry (core) 
- The organic carbon in Frio County is a mixture of type I and type II kerogen. 
- The average total organic carbon across the productive Eagle Ford trend in 
Frio County varies from 3 to 5 wt%.  However, discrete units can spike up to 
14 wt%. 
- There is more total organic carbon in the less mature portions of the Eagle 
Ford in northern Frio County.  TOC values are less towards the south 
because that kerogen received greater thermal maturation and cracked into 
oil-phase hydrocarbons. 
5. TOC from petrophysics (core to log) 
- Bulk density and density porosity proved to have a strong statistical 
relationship with TOC.  A best-fit equation from cross plot was utilized as a 
model and run on well logs across Frio County.  Calculated TOC was 
removed north of the Ro=0.55% contour to avoid miscalculating TOC at 
shallower depths.  
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6. Flow units (core and log) 
- Three major reservoir flow units were identified and correlate nicely to specific 
facies and therefore relate to changes in climate, detrital influx, reducing 
conditions, and water depth within the paleoenvironment.   
- Flow unit two, the inoceramid-rich marl facies in the lower Eagle Ford, 
appears to have the best reservoir process speed. 
 
Figure 7.1:  Kothmann #3 well logs with gamma ray in track 1, permeability and density 
porosity in track 2, TOC and S1 in track 3, SMLP slope in track 4, reducing authigenic 
trace elements CR, CU, and Mo in track 5, and core vertical section in track 6.  Flow 
units are highlighted in yellow on top of the log. 
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7. Exploration implications 
- The most geologically prospective area in the county for hydrocarbon charge 
or petroleum potential appears to be in southeast corner where the Eagle 
Ford is deeply buried, distal from shoreline, thick, organic carbon rich, and 
most thermally mature. 
- There is most likely no potential for Eagle Ford production north of the 
Ro=0.55% contour in Figure 6.1 (Cardneaux, 2012). 
- The lithostratigraphic units with the best reservoir quality in the lower Eagle 
Ford are the marl-dominated units, not the limestone-dominated units. 
- The inoceramid-rich marl facies in the lower Eagle Ford, instead of the 
organic-rich facies, may be the best target in the Eagle Ford for horizontal 
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LIST OF ACRONYMS 
%KH  Flow Capacity 
%DPHI Storage Capacity 
%Ro  Vitrinite reflectance 
API  American Petroleum Institute 
BCFG  Billion Cubic Feet of Gas 
BOPD  Barrels of Oil Per Day 
DPHI  Density Porosity (ɸ) 
HI  Hydrogen Index 
GOR  Gas Oil Ratio 
LS  Limestone 
M  Slope 
MBOE Thousand Barrels of Oil Equivalent 
OAE  Ocean Anoxic Event 
OI  Oxygen Index 
OOIP  Original Oil In Place 
RHOB  Bulk Density 
S1  Amount of Free Hydrocarbons 
S2  Amount of Remaining Hydrocarbon Potential 
S3  Amount of CO2 
SCF  Standard Cubic Feet 
SS  Sub Sea 
STB  Stock Tank Barrel 
TOC  Total Organic Carbon 
TVD  True Vertical Depth 
WICS  Western Interior Cretaceous Seaway 
Wt%  Weight Per Cent 
XRD  X-Ray Diffraction 




Table A-1: Johnston #1 pyrolysis raw data. 
Depth TOC S1 S2 S3 TMAX HI OI 
5875 1.58 1.03 11.1 0.25 432 700 15.82 
5913 4.24 3.74 31.7 0.21 437 748 4.95 
5930 5.05 6.10 35.6 0.21 435 706 4.16 
5938 4.63 6.95 33.8 0.19 438 730 4.10 
5948 6.73 9.19 47.8 0.23 436 711 3.42 
5951.5 14.20 9.51 95.8 0.29 435 675 2.04 
5953 9.48 8.52 66.6 0.24 438 703 2.53 
5965 10.30 11.23 70.4 0.23 437 683 2.23 
5973 5.85 5.89 42.0 0.29 439 719 4.96 
 
Table A-2: Kothmann #3 pyrolysis raw data. 
Depth TOC S1 S2 S3 TMAX HI OI 
7781 1.47 0.73 3.3 0.11 446 225 7.48 
7791 3.72 2.01 1356.0 0.11 452 365 2.96 
7801 3.57 2.23 13.1 0.09 451 368 2.52 
7814 3.69 2.70 134.0 0.07 451 363 1.90 
7822 1.13 0.57 2.9 0.02 449 257 1.77 
7824 5.81 3.61 24.0 0.11 451 413 1.89 
7827 4.40 2.40 15.6 0.08 452 355 1.82 
7829 1.62 0.79 5.0 0.06 451 310 3.70 
7831 5.18 3.87 19.3 0.10 451 372 1.93 
7834 1.30 0.50 2.7 0.01 448 205 0.77 
7843 6.85 4.26 27.1 0.12 452 396 1.75 
7855 4.02 2.15 14.9 0.08 451 370 1.99 
7858 3.25 1.54 9.7 0.06 450 297 1.85 
7861 6.62 2.46 27.1 0.11 455 409 1.66 
7867 3.66 1.18 11.0 0.09 453 299 2.46 
7871 2.55 1.18 8.3 0.06 452 325 2.35 
7877 0.94 0.19 1.5 0.05 445 157 5.32 
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Table A-3: Kothmann #3 XRD raw data in wt%. 
Depth Quartz 
K-
Feldspar Plagioclase Calcite Dolomite Pyrite Marcasite Illite/Smectite 
Illite & 
Mica Kaolinite Chlorite Kerogen 
7781 12.9 0.8 7.1 48.3 7.8 2.8 0.5 8.7 5 2.1 0.7 3.4 
7791 16.2 0 2.7 51.9 1 1.2 0.7 9 7.6 1.5 0 8.2 
7801 11.3 0 2.1 66.9 0.5 1.2 0.8 4.5 3.2 1.4 0 7.9 
7814 6.8 0 2.2 73.9 0.4 1.8 0.4 1.9 1.7 2.6 0 8.2 
7822 7.3 0 1.2 88.1 0 0.4 0 0 0 0.4 0 2.6 
7824 13.9 0.6 3.4 47.9 0.7 2.5 0.6 8.5 4.6 3.7 1 12.7 
7827 11.3 0 5.3 44.5 1.3 3.5 0.6 7.5 4.9 9.7 1.7 9.8 
7829 2.7 4.6 18.2 3.2 0 3 0.5 36.6 2.7 20.8 4.1 3.7 
7831 29.6 0 3.1 36.5 4.2 2.1 0.7 4.6 3 4 0.8 11.4 
7834 1.5 0 1.1 92.6 0.4 0.3 0 0 0.7 0.5 0 2.9 
7837 5.5 0 0.6 85.6 0.2 0.4 0 2.2 1.4 0.5 0 3.7 
7843 19.5 0 3.3 45 0 2.5 0.6 7.1 4.4 2.4 0.5 14.8 
7847 16.5 0 1 73.3 0.4 1.2 0.3 3.1 2.6 1.1 0.5 0 
7852 28.7 0 3.5 37.3 0.9 2.4 0 6.7 3.2 3.9 1.4 11.9 
7855 12.6 0 0.5 70.7 0.6 1.1 0.3 0 2.5 2.7 0 8.9 
7859 4.7 0 1.6 74.8 1.8 1.5 0.4 2.2 1.4 3.9 0.5 7.3 
7861 10 0.7 2.8 34.7 0.3 4.8 0.4 13.3 4.2 13 1.2 14.5 
7869 15.4 0.5 0.6 37.5 0.3 3.2 0.7 11.4 5.5 15.1 1.6 8.2 
7871 13.1 0 0 76.5 0 0.5 0.4 0 1.8 2 0 5.7 
7877 11.5 0 0.5 21.5 8.3 4.7 0.9 7.7 4.3 37.2 1.1 2.2 
7809 0.1 0 0.3 98.7 0 0 0 0.6 0.1 0.2 0 0 




Table A-4: Kothmann #3 XRF raw data in wt% 
Depth Al2O3 SiO2 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5 
7789 2.39 20.13 0.11 0.8 0.07 0.66 35.42 0.32 0.73 0.4 
7790.2 6.56 34.92 0.26 1.48 0.03 2.04 28.69 0.65 1.51 0.4 
7791.9 5.79 31.82 0.23 1.46 0.03 2.09 30.24 0.66 1.28 0.5 
7793.4 6.63 31.7 0.23 1.37 0.02 1.1 31 0.79 1.42 0.8 
7794.9 7.96 32.93 0.22 1.11 0.02 1.13 29.93 0.5 1.97 0.4 
7796.4 14.71 44.39 0.54 3.34 0.03 1.62 16.81 0.84 2.98 0.2 
7797.9 20.59 48.12 0.45 5.65 0.04 2.05 7.44 1.38 3.23 0.2 
7799.4 7.8 36.49 0.24 1.31 0.02 1.1 28.9 0.55 1.97 0.3 
7800.9 6.21 30.76 0.19 1.23 0.02 0.86 31.64 0.5 1.57 0.4 
7802.4 3.08 20.83 0.11 0.31 0.03 0.56 35.74 0.32 0.86 0.4 
7803.9 8.6 40.5 0.29 1.88 0.01 1 25.33 0.55 2.1 0.4 
7805.4 6.89 28.92 0.23 1.86 0.02 0.77 30.84 0.54 1.45 0.5 
7806.9 6.38 35.9 0.23 1.06 0.01 0.77 29.45 0.48 1.6 0.3 
7808.4 5.91 31.36 0.19 1.13 0.01 0.77 31.7 0.39 1.47 0.4 
7809.9 3.95 25.61 0.15 0.85 0.01 0.61 34 0.36 1.12 0.5 
7810.5 5.46 29.81 0.19 0.84 0.01 0.61 32.19 0.46 1.28 0.4 
7812.9 4.23 24.22 0.14 0.98 0.01 0.63 34.05 0.41 1.01 0.5 
7814.9 4.19 29.81 0.15 0.9 0.01 0.53 32.73 0.42 0.94 0.5 
7815.9 3.94 22.77 0.14 0.64 0.02 0.58 34.49 0.39 1.1 0.4 
7817.4 3.88 24.1 0.14 0.85 0.01 0.49 34.13 0.39 0.99 0.4 
7818.9 3.66 11.07 0.06 0.02 0.02 0.55 36.29 0.45 0.74 0.3 
7820.4 4.08 30.15 0.16 0.93 0.01 0.48 32.75 0.39 0.87 0.5 
7821.9 2.68 24.72 0.11 0.94 0.01 0.4 34.72 0.36 0.52 0.5 
7823.4 2.82 23.37 0.1 0.38 0.02 0.46 35.35 0.33 0.61 0.5 
7824.9 3.85 26.2 0.16 1.13 0.01 0.48 33.42 0.47 0.77 0.5 
7826.4 3.78 30.51 0.15 1 0.01 0.47 32.7 0.47 0.7 0.4 
7827.9 26.01 54.28 0.44 1.54 0.01 2.51 0.65 1.26 3.58 0.1 
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7829.4 7.12 28.23 0.24 2.08 0.01 0.69 30.56 0.69 1.19 0.5 
7830.9 4.86 25.85 0.19 1.33 0.01 0.58 33.16 0.48 1 0.4 
7832.4 4.8 29.42 0.17 1.65 0.01 0.5 31.88 0.4 0.85 0.6 
7834.1 5.02 32.23 0.19 1.76 0.01 0.62 30.62 0.4 1.03 0.4 
7835.5 13.42 44.12 0.4 3.23 0.02 1.11 19.07 1.14 1.55 0.4 
7836.9 10.12 36.1 0.33 2.72 0.02 1.07 25.05 0.89 1.51 0.6 
7838.4 4.48 27.75 0.14 1.05 0.03 0.76 33.87 0.5 0.77 0.4 
7839.9 1.57 15.43 0.06 0.03 0.02 0.44 36.4 0.21 0.32 0.4 
7841.4 6.25 30.93 0.18 1.59 0.01 2.04 30.47 0.49 0.66 2.8 
7842.9 5.71 39.73 0.22 1.73 0.01 0.88 27.74 0.48 1.09 0.4 
7843.7 4.21 35.54 0.17 1.25 0.01 0.59 31.15 0.48 0.81 0.6 
7845.9 5.61 38.23 0.19 1.73 0.01 0.82 28.52 0.42 0.93 0.4 
7847.4 1.21 10.14 0.06 0.03 0.02 0.48 36.39 0.15 0.25 0.4 
7848.9 5.31 37.74 0.21 1.98 0.01 0.61 28.66 0.39 1.04 0.5 
7848.91 5.31 37.74 0.21 1.98 0.01 0.61 28.66 0.39 1.04 0.5 
7850.5 5.19 41.21 0.19 1.46 0.01 0.58 28.6 0.38 1 0.6 
7850.51 5.19 41.21 0.19 1.46 0.01 0.58 28.6 0.38 1 0.6 
7852.9 6.79 47.15 0.25 2.1 0.01 0.79 23.89 0.42 1.38 0.9 
7854.4 6.74 41.75 0.25 1.77 0.01 0.78 26.62 0.54 1.32 0.8 
7855.9 9.19 47.38 0.27 1.93 0.01 0.76 22.16 0.63 1.44 0.4 
7857.4 6.18 44.51 0.24 2.05 0.01 0.95 25.76 0.37 1.18 0.4 
7858.9 6.71 49.24 0.24 1.77 0.02 0.96 23.85 0.44 1.3 0.5 
7858.91 6.71 49.24 0.24 1.77 0.02 0.96 23.85 0.44 1.3 0.5 
7860.4 10.27 44.77 0.31 2.59 0.01 0.98 21.72 0.57 1.66 0.5 
7861.9 8.46 39.68 0.2 1.79 0.01 0.77 26.05 0.6 1.09 0.6 
7863.4 8.08 44.13 0.21 1.66 0.02 0.79 24.85 0.59 1.41 0.4 
7865.1 4.23 31.38 0.16 1.31 0.02 0.61 32.56 0.3 0.78 0.6 
7866.5 2.44 22.63 0.1 0.86 0.02 0.66 35.16 0.23 0.36 1.7 
7867.9 4.06 28.82 0.14 0.97 0.01 0.47 32.94 0.27 0.8 0.5 
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7869.5 8.25 40.1 0.28 2.41 0.02 0.82 25.63 0.47 1.36 0.5 
7871.1 9.7 36.3 0.3 3.03 0.02 0.78 24.17 0.5 1.49 0.7 
7872.5 6.2 34.95 0.21 1.22 0.01 0.57 29.74 0.36 1.22 0.5 
7873.9 3.86 30.36 0.13 0.86 0.02 0.44 33.34 0.25 0.79 0.7 
7875.4 3.97 25.62 0.13 0.73 0.02 0.45 34.4 0.25 0.75 0.8 
7875.41 4 25.6 0.1 0.7 0 0.5 34.4 0.3 0.8 0.8 
7876.9 6.4 33.7 0.2 1.6 0 0.5 29.9 0.3 1 0.5 
7878.4 5.9 33.2 0.2 1.2 0 0.6 30.8 0.3 1.3 0.6 
7882.9 4.3 22.2 0.1 0.7 0 0.5 35.1 0.2 0.8 0.5 
7884.4 3.9 23 0.1 0.9 0 0.5 34.7 0.2 0.8 0.8 
7885.9 1.6 12.8 0.1 0.4 0 0.3 36.4 0.2 0.3 1.1 
7885.91 1.6 12.8 0.1 0.4 0 0.3 36.4 0.2 0.3 1.1 
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Table A-5: First half of the Kothmann #3 XRF trace element raw data in ppm. 
Depth S Cl As Ba Ce Co Cr Cs Cu Ga Hf La Mo 
7789 8976 573 11 61 16 4 41 3 18 4 2 2 1 
7790.2 11757 404 15 57 26 10 60 0 33 8 5 10 2 
7791.9 12927 398 16 84 33 6 43 2 23 7 5 9 3 
7793.4 13589 400 18 57 34 6 77 4 42 7 5 16 16 
7794.9 8918 517 14 59 33 7 75 3 34 9 4 9 27 
7796.4 17952 428 22 101 30 8 81 4 34 14 8 12 26 
7797.9 30083 424 27 43 21 9 63 2 26 10 6 7 34 
7799.4 10516 406 13 58 24 7 86 3 36 10 5 9 38 
7800.9 11946 550 17 44 24 5 75 5 37 7 5 8 33 
7802.4 5601 391 11 49 9 4 39 2 21 4 2 -2 14 
7803.9 13789 418 15 82 31 8 95 4 46 10 5 8 51 
7805.4 18400 403 27 51 22 7 90 4 53 7 5 9 58 
7806.9 10618 533 15 96 34 6 89 3 52 9 4 15 46 
7808.4 11761 399 16 72 18 6 85 2 45 7 5 12 43 
7809.9 11707 402 16 45 20 5 72 3 38 5 5 6 34 
7810.5 10473 393 13 42 20 5 70 3 47 6 4 6 33 
7812.9 14895 578 21 51 22 7 72 3 44 6 5 5 45 
7814.9 13112 396 19 24 21 5 98 4 49 6 5 9 44 
7815.9 9607 396 16 20 12 3 51 1 36 6 3 7 31 
7817.4 12211 394 18 16 10 4 68 2 40 4 4 4 42 
7818.9 3201 526 11 -9 8 2 9 2 9 4 3 0 3 
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7820.4 13378 407 19 109 12 6 83 1 48 5 5 4 48 
7821.9 15041 400 22 100 11 5 73 2 39 4 5 1 38 
7823.4 7825 388 16 17 17 3 48 1 26 4 3 0 23 
7824.9 16269 689 20 104 9 8 62 4 42 6 4 1 58 
7826.4 13804 400 19 44 12 5 80 2 44 5 3 2 54 
7827.9 7046 453 8 42 27 6 30 5 13 26 8 16 12 
7829.4 21711 402 35 32 32 9 76 1 52 8 5 11 63 
7830.9 16705 584 23 134 17 6 90 1 43 7 4 6 60 
7832.4 21611 406 26 31 25 9 75 1 59 8 6 7 75 
7834.1 22168 413 21 57 22 11 59 3 53 8 4 4 89 
7835.5 23634 426 34 220 25 9 151 4 40 9 6 13 48 
7836.9 22239 575 36 474 38 9 97 2 63 11 5 16 73 
7838.4 12857 394 19 40 18 5 65 2 25 6 2 5 27 
7839.9 3763 395 9 111 5 2 27 4 15 2 3 -2 8 
7841.4 19225 410 59 33 68 11 63 3 154 8 5 37 39 
7842.9 18224 597 23 187 20 9 93 3 61 8 5 2 86 
7843.7 15971 412 19 29 17 5 73 1 49 6 4 4 47 
7845.9 19086 403 26 90 22 8 79 2 57 6 4 8 82 
7847.4 4548 377 12 -6 5 1 20 4 16 2 2 -8 7 
7848.9 22511 556 27 62 24 9 97 2 63 6 3 9 83 
7848.91 22511 556 27 62 24 9 97 2 63 6 3 9 83 
7850.5 17152 402 18 57 26 6 80 1 57 6 2 10 50 
7850.51 17152 402 18 57 26 6 80 1 57 6 2 10 50 
7852.9 19419 423 24 86 43 8 86 3 54 8 4 17 65 
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7854.4 17587 424 19 65 38 6 121 1 52 7 3 16 39 
7855.9 16753 421 19 124 29 6 90 2 47 10 4 13 50 
7857.4 20344 411 21 80 26 11 85 3 52 8 3 8 61 
7858.9 16362 542 18 51 33 7 98 2 55 7 4 13 50 
7858.91 16362 542 18 51 33 7 98 2 55 7 4 13 50 
7860.4 21105 426 22 84 50 8 93 1 52 9 6 20 53 
7861.9 19014 408 18 45 30 6 70 1 47 8 4 12 55 
7863.4 16786 416 17 44 37 7 85 2 53 10 4 17 69 
7865.1 17618 642 21 42 19 8 76 3 39 5 4 7 54 
7866.5 14901 405 19 47 43 6 57 4 32 3 4 16 18 
7867.9 16009 405 15 15 17 6 64 1 58 5 4 3 49 
7869.5 22857 419 30 34 40 8 60 0 56 10 6 14 44 
7871.1 31281 531 38 76 37 10 92 1 77 8 5 12 159 
7872.5 15803 417 21 38 23 5 87 2 52 8 4 6 55 
7873.9 14315 408 16 40 30 6 75 3 42 8 3 9 32 
7875.4 12433 411 17 26 28 3 72 2 38 5 3 8 15 
7875.41 12433 411 17 26 28 3 72 2 38 5 3 8 15 
7876.9 20947 566 26 16 29 8 85 4 54 8 5 11 101 
7878.4 13588 426 15 75 24 6 99 2 53 7 3 7 11 
7882.9 10134 582 14 6 30 3 42 3 24 6 2 5 5 
7884.4 12444 437 16 227 12 5 70 5 36 5 1 2 14 
7885.9 8952 448 18 13 17 4 32 5 19 3 2 5 6 
7885.91 8952 448 18 13 17 4 32 5 19 3 2 5 6 
 
 121 
Table A-6: Second half of the Kothmann #3 XRF trace element raw data in ppm. 
Depth Nb  Ni  Pb  Rb  Sc  Sr  Ta  Th  U  V  Y  Zn  Zr  
7789 3 19 5 14 9 539 7 1 -1 21 16 23 29 
7790.2 8 28 8 37 7 804 6 4 3 63 18 39 70 
7791.9 7 24 7 27 7 754 7 4 4 49 22 34 96 
7793.4 5 58 8 30 8 833 6 2 12 182 26 104 58 
7794.9 9 48 10 53 7 851 2 6 9 296 16 70 66 
7796.4 16 44 16 88 11 541 4 13 5 284 16 99 178 
7797.9 6 41 21 53 10 374 3 16 4 397 14 70 171 
7799.4 10 56 10 57 7 823 2 4 9 396 14 100 69 
7800.9 8 48 8 41 7 962 7 2 7 336 14 70 49 
7802.4 3 22 4 18 8 673 8 1 3 149 10 40 21 
7803.9 12 66 12 70 7 745 3 5 9 499 16 148 78 
7805.4 7 66 9 39 8 931 2 4 10 519 15 127 49 
7806.9 12 63 8 47 6 820 3 2 9 481 14 132 62 
7808.4 8 58 9 43 7 998 5 1 8 417 13 122 44 
7809.9 6 56 6 30 8 1083 5 1 8 326 15 157 33 
7810.5 7 50 8 33 7 917 6 2 8 346 14 108 46 
7812.9 3 84 7 24 8 903 4 2 11 350 14 204 37 
7814.9 5 70 7 24 7 869 2 1 9 345 16 189 44 
7815.9 5 40 8 24 8 753 8 3 6 251 14 65 50 
7817.4 4 49 7 22 7 925 5 1 8 389 14 78 34 
7818.9 0 6 5 7 10 398 7 1 1 9 8 15 22 
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7820.4 4 67 7 23 6 976 6 1 9 393 15 142 35 
7821.9 2 84 6 11 8 959 7 1 9 255 14 128 25 
7823.4 2 37 5 12 8 656 7 1 5 136 13 64 29 
7824.9 4 93 7 20 7 887 6 1 12 334 13 105 35 
7826.4 4 72 7 17 6 848 4 2 7 399 14 129 36 
7827.9 8 8 23 68 4 288 5 38 12 67 12 61 220 
7829.4 9 90 9 27 7 705 3 4 12 514 19 169 84 
7830.9 5 86 8 23 8 787 3 3 11 450 15 132 56 
7832.4 6 134 8 24 7 795 3 2 16 521 18 257 56 
7834.1 9 134 9 32 7 785 -1 3 16 408 15 163 60 
7835.5 10 62 14 34 6 499 3 8 7 597 16 97 160 
7836.9 10 97 14 39 7 619 2 8 14 609 21 178 122 
7838.4 4 32 6 15 8 459 6 3 5 126 14 66 64 
7839.9 0 16 5 5 10 387 8 1 1 51 9 23 15 
7841.4 7 351 11 17 7 995 -8 2 27 213 53 437 71 
7842.9 7 92 11 32 6 614 1 3 8 558 15 175 66 
7843.7 4 65 6 24 7 694 2 2 6 232 15 109 43 
7845.9 6 94 9 28 6 637 2 4 8 511 16 177 62 
7847.4 1 15 3 6 12 421 6 1 1 41 8 19 13 
7848.9 6 102 9 36 6 612 -1 3 9 370 17 147 54 
7848.91 6 102 9 36 6 612 -1 3 9 370 17 147 54 
7850.5 5 81 8 35 6 627 2 3 5 232 20 127 49 
7850.51 5 81 8 35 6 627 2 3 5 232 20 127 49 
7852.9 8 85 10 54 6 577 4 5 9 235 27 134 70 
7854.4 7 71 9 47 6 631 0 4 7 227 23 93 71 
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7855.9 8 69 13 41 6 513 2 9 7 273 18 122 105 
7857.4 8 104 11 48 6 608 0 4 10 362 16 141 60 
7858.9 7 72 9 44 6 540 2 4 6 238 21 125 88 
7858.91 7 72 9 44 6 540 2 4 6 238 21 125 88 
7860.4 9 69 12 48 7 538 3 9 7 240 27 127 148 
7861.9 7 64 10 24 6 541 3 6 6 272 22 104 108 
7863.4 7 74 10 35 5 541 1 5 7 357 22 104 94 
7865.1 3 98 8 24 6 659 1 2 11 297 17 178 37 
7866.5 1 64 4 10 8 807 5 1 14 164 31 106 23 
7867.9 3 84 7 26 6 709 2 2 7 237 15 133 45 
7869.5 8 75 12 45 7 603 3 8 8 212 24 93 131 
7871.1 6 131 13 47 7 537 -2 9 16 385 24 130 84 
7872.5 6 79 9 41 5 610 -1 3 7 333 17 121 69 
7873.9 3 84 7 24 6 622 2 0 10 245 20 254 56 
7875.4 3 57 6 23 7 666 4 2 5 104 20 97 48 
7875.41 3 57 6 23 7 666 4 2 5 104 20 97 48 
7876.9 5 170 10 35 6 590 1 6 11 454 20 278 77 
7878.4 8 72 10 47 6 606 4 4 5 148 19 93 71 
7882.9 5 30 5 21 8 433 5 2 2 45 22 42 72 
7884.4 3 49 6 24 8 581 6 2 8 113 19 69 46 
7885.9 1 28 4 7 11 639 5 -1 12 50 25 39 17 




Figure A-1: Johnston #1 Drill Core Depth 5867-5877 feet. 
 
Figure A-2: Johnston #1 Drill Core Depth 5877-5887 feet. 
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Figure A-3: Johnston #1 Drill Core Depth 5887-5897 feet. 
 
Figure A-4: Johnston #1 Drill Core Depth 5897-5907 feet. 
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Figure A-5: Johnston #1 Drill Core Depth 5907-5917 feet. 
 
Figure A-6: Johnston #1 Drill Core Depth 5917-5927 feet. 
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Figure A-7: Johnston #1 Drill Core Depth 5927-5937 feet. 
 
Figure A-8: Johnston #1 Drill Core Depth 5937-5947 feet. 
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Figure A-9: Johnston #1 Drill Core Depth 5947-5957 feet. 
 
Figure A-10: Johnston #1 Drill Core Depth 5957-5967 feet. 
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Figure A-11: Johnston #1 Drill Core Depth 5967-5976 feet. 
 
Figure A-12: Johnston #1 Drill Core Depth 5977-5987 feet. 
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Figure A-13:  Kothmann #3 Drill Core Depth 7779-7789 feet. 
 
Figure A-14:  Kothmann #3 Drill Core Depth 7789-7799. 
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Figure A-15:  Kothmann #3 Drill Core Depth 7799-7809. 
 
Figure A-16:  Kothmann #3 Drill Core Depth 7809-7819. 
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Figure A-17:  Kothmann #3 Drill Core Depth 7819-7829. 
 
Figure A-18:  Kothmann #3 Drill Core Depth 7829-7839. 
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Figure A-19:  Kothmann #3 Drill Core Depth 7839-40. 
 
Figure A-20:  Kothmann #3 Drill Core Depth 7840-7850. 
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Figure A-21:  Kothmann #3 Drill Core Depth 7850-60.  
 
Figure A-22:  Kothmann #3 Drill Core Depth 7860-7870. 
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